Phosphate Removal and Recovery from Wastewater by Natural Materials for Ecologically Engineered Wastewater Treatment Systems by Curran, Daniel Thomas
University of Vermont
ScholarWorks @ UVM
Graduate College Dissertations and Theses Dissertations and Theses
2015
Phosphate Removal and Recovery from
Wastewater by Natural Materials for Ecologically
Engineered Wastewater Treatment Systems
Daniel Thomas Curran
University of Vermont
Follow this and additional works at: http://scholarworks.uvm.edu/graddis
Part of the Environmental Engineering Commons, and the Natural Resources Management and
Policy Commons
This Thesis is brought to you for free and open access by the Dissertations and Theses at ScholarWorks @ UVM. It has been accepted for inclusion in
Graduate College Dissertations and Theses by an authorized administrator of ScholarWorks @ UVM. For more information, please contact
donna.omalley@uvm.edu.
Recommended Citation
Curran, Daniel Thomas, "Phosphate Removal and Recovery from Wastewater by Natural Materials for Ecologically Engineered





PHOSPHATE REMOVAL AND RECOVERY FROM WASTEWATER BY 


























In Partial Fulfillment of the Requirements 
for the Degree of Master of Science 





Defense Date: August 20, 2015 
Thesis Examination Committee: 
 
Kimberly F. Wallin, Ph.D., Advisor 
Stephanie E. Hurley, DDes, Chairperson 
Donna M. Rizzo, Ph.D. 






 Eutrophication due to excess loading of phosphorus (P) is a leading cause of 
water quality degradation within the United States. The aim of this study was to 
investigate P removal and recovery with 12 materials (four calcite varieties, wollastonite, 
dolomite, hydroxylapatite, eggshells, coral sands, biochar, and activated carbon. This was 
accomplished through a series of batch experiments with synthetic wastewater solutions 
ranging from 10-100 mg PO4-P/ L. The results of this study were used to establish large-
scale, calcite-based column filter experiments located in the Rubenstein School of 
Environment and Natural Resources' Eco-Machine. Influent and effluent wastewater 
samples were routinely collected for 64 days. Measures of filter performance included 
changes in pH, percent reduction and mass adsorbed of P. After the columns reached 
saturation, filter media was analyzed for the mineralogical content by X-ray powder 
diffraction (XRD).  
 
  In the batch experiments, P removal and recovery varied among the media and 
across treatments. The best performing minerals were calcite, wollastonite, and 
hydroxylapatite. Eggshells, activated carbon, and coral sands also reduced and adsorbed 
P. The remaining materials had the lowest reductions and adsorption of P.  
 
 Results from batch experiments informed the design of large column filters within 
the Rubenstein School of the Environment and Natural Resources' Eco-Machine. 
Removal and adsorption rates of P by the three column filters were similar. The columns 
achieved an average P reduction of 12.53% (se = 0.98) and an average P adsorption of 
0.649 mg PO4-P/ kg media (se = 0.03) over a 4-h hydraulic retention time. Paired T-tests 
showed that P reductions were statistically significant (p-value < 0.05) on the majority of 
sampling dates until the columns reached saturation. Saturation was reached after 31 days 
for two of the columns and 36 days for the third column. The filter media consistently 
buffered the pH of the wastewater to approximately 6.0-7.0 with no indication of 
diminishing buffer capacity after saturation. XRD analysis was not able to detect any P 
species within the crystalline structure of the filter media. 
 
 This research contributes to the understanding of how the selected media perform 
during P removal and recovery programs, while providing information on the 
performance of large column filters operating within advanced, ecologically engineered 
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1.1. The Global Phosphorus Cycle 
 Phosphorus (P) is a critical element necessary for animals, plants and bacteria to 
sustain life (Rhodes, 2013; Sharply et al., 2003). P is needed in animals to form bones 
and teeth (Rhodes, 2013), while plants require additional P to sustain cellular growth, 
carry out photosynthesis and to form viable fruits and seeds (Ashley et al., 2011). This 
element is also crucial for the processes that create complex molecules at the cellular 
level (Rhodes, 2013; Smil, 2000). Energy generation is driven by the release of energy 
when P moves back and forth between adenosine diphosphate and adenosine triphosphate 
(Rhodes, 2013; Smil, 2000). P is also found in the polynucleotide structures DNA and 
RNA in the form of phosphodiesters that serve as the backbone that connects one 
nucleotide to the next (Ashley et al., 2011; Rhodes, 2013). 
 Phosphorus is often a limiting nutrient, especially in freshwater aquatic 
ecosystems (Liu et al., 2012b; Rhodes, 2013), even though it is not scarce in nature. 
According to Smil (2000), P is the eleventh most abundant element in the lithosphere and 
the thirteenth most abundant element in seawater by mass. The element is limiting due to 
the characteristics of the global P cycle, as it has a rapid stage of P cycling followed by 
an extraordinarily slow stage. P moves through the biotic portion of an ecosystem quickly 
before being passed into the soil or eventually being buried in aquatic sediments; the 
processes that transport P through the soil or aquatic sediments are very slow (Rhodes, 
2013). After burial, the P enriched sediments must undergo lithification, tectonic uplift 
and subsequent weathering before P may be released and become available for biotic 
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uptake again (Smil, 2000). The result of this cycle taking millions of years to complete 
makes P a limiting nutrient in many ecosystems and for this reason P should not be 
treated as a renewable resource. 
1.2. Peak Phosphorus 
 The modern agricultural system has become reliant upon P-based fertilizers 
processed from mined phosphate rocks in order to attain high yields, and upwards of 90% 
of P applications are related to the production of crops (Cordell et al., 2009). The 
extraction of phosphate rock began in the late nineteenth century and grew rapidly over 
the next hundred years (Figure 1) and the global consumption of P-based fertilizers has 
followed similar trends. 
 There have been conflicting dates calculated for peak P and for when phosphate 
rock reserves may become depleted (Rhodes, 2013). The predicted dates have varied due 
to the assumptions worked into each calculation, including the value for total phosphate 
rock reserves, quality of reserves and the anticipated rate of global extraction (Rhodes, 
2013). Déry and Anderson (2007) calculated that peak P has already occurred 
domestically in the United States as well as globally, occurring in 1988 and 1989 
respectively. Cordell et al. (2009) also calculated that the United States reached peak P 
domestically in the late 1980s, but estimated that a point of peak global P will not be 
reached until 2033. 
 Researchers have also attempted to estimate when global phosphate rock reserves 
may become depleted and subsequently for how many years P-based fertilizers may 
continue to be manufactured from this traditional source. Cordell et al. (2009) has 
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calculated that global phosphate rock reserves could be depleted in as little as 50-100 
years. Smil (2000) agreed with this estimate, calculating that global reserves could be 
depleted in 80 years at the current rate of extraction, and P-based fertilizer applications 
could be continued for another 250 years. A study conducted by the International 
Fertilizer Development Center concluded that the known global phosphate rock reserves 
could last 300-400 years at the current rate of extraction (Rhodes, 2013). Finally, some 
researchers estimate global reserves could last over 1,000 years, because as easily 
accessible reserves become depleted they could be replaced by lower quality reserves and 
previously inaccessible reserves could be exploited with the aid of advancing technology 
(Smil, 2000). 
1.3. Compounding Factors Behind Phosphorus Scarcity 
 The United Nations has calculated that the human population will near 9 billion 
people by the year 2050 and will reach a peak population of approximately 9.22 billion 
people in 2075 (United Nations Department of Economic and Social Affairs, 2004). In 
order to feed this rapidly increasing human population, more land will need to be 
converted to agricultural purposes and crop yields will need to be increased. These food 
production demands are coupled with trends that favor a diet preference for increasing 
meat and dairy consumption (Smil, 2000). Consequently, these agricultural demands will 
require higher amendments of P-based fertilizers in order to replenish nutrients that are 
removed from the soil upon crop harvest (Ashley et al., 2011).  
 The issues surrounding the depletion of global phosphate rock reserves are 
complicated by the fact that the reserves are distributed very unevenly around the world 
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with a few countries possessing the majority of reserves (Sengupta and Pandit, 2011). 
Nearly 90% of known and accessible global phosphate rock reserves are found within 
China, the United States, South Africa, Morocco and the Western Sahara (Ulrich et al., 
2009). Furthermore, many of these reserves are found in environmentally and culturally 
unique areas (Ashley et al., 2011), raising concerns about the exploitation of these areas. 
China possesses the largest known reserves and has imposed a 135% export tariff on 
phosphate in order to help secure these reserves for domestic use (Cordell et al., 2009).  
 The quality of known phosphate reserves has emerged as another issue for the 
extraction of phosphate rock. It has been shown that the quality of the phosphate rock 
being mined has decreased from containing approximately 15% P in the 1970s to below 
13% P by the end of the 1990s (Smil, 2000). This may accelerate the rate of extraction, as 
more lower quality rock must be mined to match production from the higher quality 
reserves. It is also noted that these lower quality reserves often have higher 
concentrations of heavy metals that necessitates fertilizer manufacturers to further 
process the material, increasing the cost and energy expenditures of the operation 
(Rhodes, 2013; Smil, 2000). Phosphogypsum is a toxic byproduct created from the 
refinement of phosphate rock, and it is estimated that for every ton of phosphate rock 
processed into fertilizer there is nearly five tons of this byproduct created (Cordell et al., 
2009). This is because many phosphate rock reserves are naturally high in the radioactive 
elements radium, uranium and thorium, as well as heavy metals; the processing and 
refinement of these reserves into fertilizer results in the concentration of these elements 
into the phosphogypsum (Tayibi et al., 2009). This byproduct is also highly acidic due to 
residual phosphoric, sulfuric and hydrofluoric acids used within the refinement process 
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(Tayibi et al., 2009). It is believed that approximately 85% of all phosphogypsum that is 
produced is untreated before it is disposed of into large open-air storage lagoons that 
contribute to soil, water and air pollution (Tayibi et al., 2009). 
1.4. Eutrophication 
 When water bodies receive elevated concentrations of P it may cause nutrient 
pollution known as eutrophication. Anthropogenic sources of P to water bodies include 
discharges from point sources, such as wastewater treatment facilities, and non-point 
sources, such as agricultural and urban runoff (Ádám et al., 2007; Brooks et al., 2000). 
Nutrient pollution has significant consequences for aquatic ecosystems as it encourages 
rapid growth of plant and microbial biomass (Sharply et al., 2003; United States 
Environmental Protection Agency, 2012). This has a cascading effect as the rapid growth 
may deplete dissolved oxygen concentrations, leading to hypoxic or anoxic conditions in 
the water body, decreased transparency and changes in the composition of the natural 
community (Sharply et al., 2003; United States Environmental Protection Agency, 2012). 
Eutrophication has serious economic impacts as the aesthetic and recreational qualities of 
the water body may be compromised (United States Environmental Protection Agency, 
2012) while also limiting suitability for industrial use and fishery purposes (Sharply et 
al., 2003). Aesthetic and recreational issues include unpleasant taste, odor or coloration 
of the water (Smil, 2000). More serious impacts may also occur due to eutrophic 
conditions, such as a community shift towards cyanobacteria species, some of which 
produce toxins that can cause harm to humans and domesticated animals (Sharply et al., 
2003; Smith et al., 1999).  
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 Due to the harm that nutrient pollution inflicts upon the natural communities and 
the implications for anthropogenic communities, eutrophication has been identified as a 
major threat that needs to be addressed. The United States Environmental Protection 
Agency (EPA) has deemed that eutrophication due to excess loading of P is a leading 
cause of freshwater quality degradation within the United States (Sharply et al., 2003; 
United States Environmental Protection Agency, 2012). The EPA has estimated that 
eutrophication is responsible for the pollution of nearly half of the impaired lake areas 
and around 60% of the impaired rivers in the United States (Smith et al., 1999). The 
EPA's approach to dealing with eutrophication is based around the idea that if the critical 
limiting nutrient in an ecosystem, often P in freshwater, is controlled, then the rapid 
growth of algae and the cascading effects of eutrophication may be prevented (United 
States Environmental Protection Agency, 2012). However, this approach presents an 
oversimplified solution because there are many factors that are involved in 
eutrophication. There is no single critical threshold for a P concentration in a water body 
that, if exceeded will result in eutrophic conditions; this is because local factors such as 
climate, nutrient loading, anthropogenic inputs, historic inputs and geologic conditions all 
have a significant impact (United States Environmental Protection Agency, 2012). 
Nonetheless, researchers have attempted to identify a general concentration which if 
exceeded may lead to eutrophic conditions. Smil (2000) reports that a concentration of 10 
micrograms of soluble reactive phosphate (SRP) per liter (µg PO4-P/ L) is likely to cause 
eutrophication, while Sharply et al. (2003) reports that a concentration of 20 µg PO4-P/ L 
may cause eutrophic conditions in lakes. Xiong and Mahmood (2010) state that 30 µg 
PO4-P/ L is the critical condition to cause an algal bloom in confined water bodies, while 
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Rhodes (2013) reports that a total P concentration of 100 µg/ L is enough to generate a 
minimum probability that eutrophication will occur. 
1.5. Conventional Wastewater Treatment Systems in Vermont 
 In the United States, stringent water quality laws were enacted, in 1972, with the 
passage of the Water Pollution Control Act, commonly known as the Clean Water Act; 
this act laid the groundwork for the regulation of wastewater discharge from wastewater 
treatment facilities (United States Environmental Protection Agency, 2004). Wastewater 
treatment facilities are needed to treat an array of pollutants found within wastewater, 
including pathogens, nutrients, synthetic chemicals, inorganic substances and oxygen-
demanding substances (United States Environmental Protection Agency, 2004). 
Treatment is generally accomplished through a series of stages that utilize physical, 
biological and chemical processes. The remediation of wastewater begins with 
preliminary treatment; the initial stage of this seeks to remove large objects and debris 
with the use of different screening mechanisms (United States Environmental Protection 
Agency, 2004). Next, primary treatment utilizes a series of sedimentation chambers that 
progressively slows the flow rate and allows the suspended load found within the 
wastewater to settle out of suspension by gravity (United States Environmental Protection 
Agency, 2004). After primary treatment the majority of the wastewater should consist 
primarily of the dissolved load; these pollutants are remediated in the next stage known 
as secondary treatment. Secondary treatment utilizes biological processes in order to 
remove the organic nutrients through a series of aerobic and anaerobic digesters (United 
States Environmental Protection Agency, 2004). Some wastewater treatment facilities 
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may be equipped with an additional stage of tertiary treatment. Tertiary treatment may 
include additional biological treatments, chemical treatments (such as adsorption, 
flocculation and precipitation) or physical treatments (such as enhanced filtration and 
reverse osmosis) to further reduce nutrients or oxygen-demanding substances (United 
States Environmental Protection Agency, 2004). The final step in the remediation of 
wastewater prior to discharge is to undergo disinfection to ensure that pathogens have 
been removed; techniques for this include chlorination and ultraviolet radiation (United 
States Environmental Protection Agency, 2004).  
 Total P is a measurement that accounts for all forms of P within wastewater, 
including the orthophosphates, polyphosphates and organophosphates in the dissolved 
and precipitated form (United States Environmental Protection Agency, 2014). Most of 
the insoluble P is removed through sedimentation during primary treatment; the 
remaining P forms are consumed at different rates throughout secondary treatment, with 
many of the polyphosphates and organophosphates being transformed into 
orthophosphates (United States Environmental Protection Agency, 2014). Therefore, the 
majority of P found within wastewater effluent is in the form of orthophosphates, such as 
SRP; this form is the most bioavailable and is of the most concern for eutrophication 
(United States Environmental Protection Agency, 2014).  
 It is typical for total P concentrations in Vermont's municipal wastewater 
treatment facility's influent to range between 5 and 10 mg P/ L; however, these values 
can vary greatly due to factors such as periods of low or high flow, resulting in elevated 
or diluted P concentrations respectively (United States Environmental Protection Agency, 
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2014). In Burlington, Vermont, there are three wastewater facilities to serve the 
community known as Burlington East, Burlington Main and Burlington North (United 
States Environmental Protection Agency, 2014). Total P concentrations in the wastewater 
effluent are limited to a 0.8 mg P/ L average based on the total maximum daily load; 
while the facilities are limited to the 0.8 mg P/ L standard, each of these facilities has 
reported average total P concentrations of approximately 0.3-0.6 mg P/ L since 1995 
(United States Environmental Protection Agency, 2014).  
1.6. Advanced Ecologically Engineered Wastewater Treatment Systems 
 An advanced, ecologically engineered treatment system (AEES), also known as 
an Eco-Machine or living system (Todd and Josephson, 1996), is an ecologically 
engineered alternative model to a conventional wastewater treatment system that seeks to 
utilize natural processes of ecosystems in order to serve human communities in a 
sustainable manner (Morgan and Martin, 2008). The principal idea behind the ecological 
design of an AEES is to harness the natural ability of different plants and microbes to 
breakdown and consume the nutrients and pollutants found within wastewater (Todd et 
al., 2003). This may be achieved by constructing a physical environment in which an 
assemblage of living organisms are able to survive and develop an ecosystem in. An 
AEES should possess a high biological diversity from local sources to cope with 
constantly changing wastewater characteristics. Within these systems, the plants provide 
a habitat for the microbial populations and in return, the microbes help transform the 
nutrients into forms that are more bioavailable for the plants (Todd and Josephson, 1996). 
This mutualism allows the ecosystem to thrive and produce biomass from the pollutants 
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within the wastewater influent, while progressively remediating the water prior to 
discharge. 
 The Aiken Center, home to the Rubenstein School of Environment and Natural 
Resources (RSENR) at the University of Vermont, is equipped with an AEES. The 
RSENR AEES was designed to effectively remediate all of the wastewater generated at 
this location, advancing opportunities in ecological design and to serve as an educational 
model that helps unite anthropogenic and ecological systems (Beam, 2010). Sources of 
wastewater generated within the Aiken Center include toilets, sinks, urinals, water 
fountains, showers and floor-drains. Wastewater in the AEES is monitored for many of 
the same parameters as conventional wastewater treatment systems. The parameters that 
are routinely analyzed include conductivity, pH, temperature, dissolved oxygen, nitrate, 
ammonia, ammonium, total suspended solids, total settleable solids, turbidity, color, 
carbonaceous biological oxygen demand, Escherichia coli and total coliform. One 
important parameter that is not routinely analyzed is P; however, the effluent 
concentration within the wastewater is known to generally fluctuate between 8-25 mg 
PO4-P/ L.  
 Prior to treatment in the AEES, wastewater goes through primary treatment, 
consisting of a grinder pump and septic tank, before being stored in an equalization tank 
that delivers pulses of wastewater to the AEES. The AEES is comprised of three identical 
treatment systems that run parallel to each other. Each system consists of a closed aerobic 
cell with an odor-scrubbing biofilter, three sequential open aquatic cells that are planted 
and a vertical upflow constructed wetland cell. After treatment, the wastewater is passed 
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through a solids filter and an ultraviolet disinfection system, where it then can either be 
reused as flushing water within the building's toilets or discharged in the municipal sewer 




1.7. Filter Media for Phosphorus Removal and Recovery from Wastewater 
 Phosphorus recovery from wastewater effluent has emerged as a strategy that can 
help mitigate the negative impacts of eutrophication while helping to transform P from a 
finite resource into a more renewable resource by lessening the demand for minable P 
(Ashley et al., 2011). One adaptation of this strategy has been the introduction of filters 
containing P-adsorbing media into wastewater treatment systems and constructed 
wetlands (Ádám et al., 2007). A wide array of filter materials have been tested for these 
purposes and can generally be classified in three categories: natural materials, industrial 
byproducts and man-made products (Johansson Westholm, 2006).  
 These materials have been tested for their ability to reduce P concentrations and 
adsorb P from wastewater through batch studies or column experiments. Natural 
materials that have been studied include an assortment of minerals (Karageorgiou et al., 
2007; Li et al., 2013; Yin et al., 2013), organic based materials, such as peat and biochar 
(Streubel et al., 2012; Xiong and Mahmood, 2010) and marine sands and shells (Ádám et 
al., 2007; Park and Polprasert, 2008). Industrial byproducts that have been successful at 
removing P from wastewater include steel slag (Drizo et al., 2008; Gustafsson et al., 
2008) and oil-shale ash (Kaasik et al., 2008; Kõiv et al., 2010). Finally, man-made 
products that have been tested are mainly different types of light-weight aggregates and 
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nanoparticles (Klimeski et al., 2014; Zapater-Pereyra et al., 2014). The success of these 
materials in removing and adsorbing P from wastewater is because they are high in 
aluminum (Al), calcium (Ca) or iron (Fe) (Lee et al., 2010). Phosphorus recovery with 
Ca-based materials has been shown to occur through the mechanisms of adsorption and 
precipitation of calcium-phosphates, often as the mineral hydroxylapatite (Brooks et al., 
2000).  
1.8. Recycling of Filter Media as Fertilizing Soil Amendments 
 The fate of media after saturation is an important consideration in designing filters 
to remove and recover P from wastewater. It is possible to recycle some saturated medias 
for agricultural purposes if the media is non-toxic, pathogen free and is capable of 
desorbing P to release it back into the environment; furthermore, it has been shown that P 
bound to Ca is more bioavailable than when it is bound to Al or Fe, making Ca-based 
materials of greater interest for recycling purposes (Cucarella et al., 2007). Kõiv et al. 
(2012) found that P-saturated hydrated oil shale ash, a Ca-rich filter media, improved 
growth of silver birch in pot experiments while offering liming benefits to the soil. 
Similar results were found by Cucarella et al. (2007) during pot experiments utilizing Ca-
based filter medias to grow barley. However, field trials have not shown great differences 
in yields when saturated Ca-based filter media have been introduced on a larger scale 
(Cucarella et al., 2009; Cucarella et al., 2012). It was noted that amendments did provide 
some P to the soil, other micronutrients and macronutrients, as well as increasing the soil 
pH (Cucarella et al., 2009; Cucarella et al., 2012). Researchers hypothesize that the 
benefits of large scale soil amendments may become more pronounced in the long-term 
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as the slow release of P from saturated filter media could lessen the need for frequent 
applications of conventional P fertilizers (Kõiv et al., 2012). 
1.9. Conclusion 
 There is a clear need to reduce the amount of P entering water bodies from both 
point and non-point sources in order to mitigate the harmful effects of eutrophication. 
There is also a growing concern regarding the declining amount of available phosphate 
rock reserves that are needed to manufacture P-based fertilizers that are crucial to 
maintaining the modern agricultural system. Recovering P from wastewater effluent in a 
form that may be useful as a soil amendment has the potential to address both of these 
issues. This research studies the ability of different locally available, natural materials as 
filter media to remove and recover P from wastewater effluent. Ultimately this research 
was conducted to meet the following objectives: 
1. Determine the effectiveness of different locally available, natural materials to 
remove phosphate from synthetic wastewater in short-term batch studies. 
a. Calculate the 24-hour phosphate reduction potential of each media. 
b. Determine the phosphate adsorption capability of each media. 
c. Create phosphate adsorption isotherms while fitting adsorption capability 
using different models. 
2. Evaluate the performance of calcite-based filters to remove and recover phosphate 
from secondary wastewater within the RSENR AEES. 
a. Calculate the phosphate reduction potential of column filters. 
b. Calculate the phosphate adsorption capability of calcite filters. 
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c. Determine saturation potential of filter media. 
d. Perform X-ray powder diffraction analysis to investigate mineralogical 





Phosphate Removal and Recovery from Wastewater by Natural Materials 
Abstract: 
 Eutrophication due to excess loading of phosphorus (P) is a leading cause of 
water quality degradation within the United States. The aim of this study is to investigate 
P removal and recovery using materials that are locally available to the Northeastern 
United States or available through local retailers, including minerals (4 calcite varieties, 
wollastonite, dolomite, hydroxylapatite), eggshells, organic based materials (biochar, 
activated carbon), and coral sands. This was accomplished through a series of batch 
experiments with synthetic wastewater solutions ranging from 10-100 mg PO4-P/ L. 
Performance was variable among the media and across treatments. The best performing 
minerals were two varieties of calcite (average P reductions of 59 and 88%, maximum P 
adsorptions of 1.3 and 2.3 mg P/ g), wollastonite (average P reduction of 65%, maximum 
P adsorption of 1.5 mg P/ g), and hydroxylapatite (average P reduction of 53%, 
maximum P adsorption of 1.19 mg P/ g). Eggshells and activated carbon were also 
successful at reducing P (average P reductions of 66 and 74%, maximum P adsorptions of 
2.08 and 1.68 mg P/ g), along with the coral sands (average P reductions of 54 and 76%, 
maximum P adsorptions of 1.74 and 2.43 mg P/ g). Four materials (2 varieties of calcite, 
dolomite, biochar) were not as successful in P reductions and adsorption, even increasing 
P concentrations in some treatments. The Langmuir isotherm did not provide the best fit 




2.1. Introduction  
 Phosphorus (P) is a critical element necessary to sustain life because it is needed 
by animals, plants and bacteria (Rhodes, 2013; Sharply et al., 2003); however, P inputs 
into water bodies is among the leading causes of eutrophication and water quality 
degradation within the United States (United States Environmental Protection Agency, 
2012). Anthropogenic sources of P include discharges from wastewater treatment 
facilities and agricultural and urban runoff (Ádám et al., 2007). The modern agricultural 
system has become reliant upon P based fertilizers processed from mined P rocks in order 
to attain high yields (Cordell et al., 2009). However, minable P is a finite resource with a 
point of peak global P having been calculated as either already reached (Déry and 
Anderson, 2007) or soon to be reached by the middle of the twenty-first century (Cordell 
et al., 2009; Sengupta and Pandit, 2011). Phosphorus recovery from wastewater effluent 
has the potential to concurrently reduce the negative impacts of eutrophication while 
helping to transform P from a finite resource into a more renewable resource (Ashley et 
al., 2011). 
 Many natural materials, industrial byproducts and man-made products have been 
tested as potential media for P removal from wastewater (Johansson Westholm, 2006; 
Vohla et al., 2011). Natural materials that have been studied include minerals, organic 
matter and marine shells (Karageorgiou et al., 2007; Li et al., 2013; Park and Polprasert, 
2008; Xiong and Mahmood, 2010; Yin et al., 2013). Industrial byproducts include steel 
slag and oil-shale ash (Drizo et al., 2008; Gustafsson et al., 2008; Kaasik et al., 2008), 
while man-made products that have been studied are mainly light-weight aggregates and 
nanoparticles (Klimeski et al., 2014; Zapater-Pereyra et al., 2014). Most of these 
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materials are high in aluminum (Al), calcium (Ca) or iron (Fe) (Lee et al., 2010). It has 
been shown that P bound to Ca is a more bioavailable form compared to P bound to Fe or 
Al (Ádám et al., 2007). Phosphorus recovery through Ca-based materials is generally 
considered to occur through the mechanisms of adsorption and precipitation of stable 
calcium-phosphates in the form of the mineral hydroxylapatite (Brooks et al., 2000). 
Hydroxylapatite makes up large portions of global P rock reserves that serve as the raw 
material for fertilizer production, and may be suitable as slow-release fertilizing soil 
amendments (Song et al., 2007). 
 The Rubenstein School of the Environment and Natural Resources at University 
of Vermont is home to an advanced ecologically engineered wastewater treatment system 
(AEES), also known as a Living Machine™ or Eco-Machine™ (Todd and Josephson, 
1996). These systems are ecologically engineered alternatives to conventional wastewater 
treatment systems that seek to utilize natural processes of ecosystems in order to serve 
human communities in a sustainable manner (Morgan and Martin, 2008). The Aiken 
AEES is very effective at reducing the contaminant and nutrient load found within its 
waste stream; however, there is still room for improvement in the reduction of P as the 
wastewater influent is highly concentrated. The aim of this study is to investigate and 
compare the P reduction potential of materials that are locally available to the 
Northeastern United States, or available through local retailers, through a series of batch 
studies utilizing a synthetic wastewater solution. This research will contribute to the 
understanding of how the selected materials perform during P removal and recovery 
programs. The results of this research will identify a successful material for large column 
 18 
 
filters used within the Aiken AEES to remove and recover excess P from the secondary 
wastewater effluent overtime. 
 
2.2. Materials and Methods 
2.2.1. Materials and Preparation 
2.2.1.1. Calcite 
 Calcite is a calcium-carbonate mineral with the chemical composition of CaCO3 
(Karageorgiou et al., 2007). Samples were collected from three mines located in 
Vermont, USA. The first sample (Cal-SH) was collected from a calcite quarry in 
Shelburne, Vermont. This material was collected from open piles of crushed calcite and 
possessed an average particle size range of 25.4-44.5 mm. This material was then crushed 
and sieved to yield an average particle size range of approximately 4-9.4 mm. The next 
calcite sample (Cal-SW) was collected from a calcite quarry in South Wallingford, 
Vermont. This material was collected from open piles of crushed calcite and possessed an 
average particle size range of approximately 9.5-11.1 mm. These materials were prepared 
by being repeatedly rinsed in distilled deionized (DDI) water until the rinse water was 
visibly clear, in order to remove any fine particulate matter which was affixed to the 
outside of the media, and placed in a drying oven at approximately 105°C overnight to 
dry. Cal-SH was further prepared in a second method (Cal-SH UR) where it was not 
rinsed or dried overnight as initial testing showed the heating process greatly decreased 
this media's performance. Initial testing did not find a significant difference in 
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performance between rinsed or un-rinsed media that was not dried at 105°C. The final 
calcite source (Cal-OM) was collected from a calcite quarry in Florence, Vermont. This 
form was a powdered mine tailing byproduct which possessed an average particle size of 
0.045 mm. 
2.2.1.2. Wollastonite 
 Wollastonite is a calcium-silicate mineral with the chemical composition of 
CaSiO3 (Hedström, 2006). Samples were collected from a mine in Willsboro, New York 
(Woll). This material was a powdered mine tailing byproduct. The average particle size 
for this media was approximately 0.4 mm. 
2.2.1.3. Dolomite 
 Dolomite is a calcium-magnesium carbonate mineral with the chemical 
composition of CaMg(CO3)2 (Karaca et al., 2004). Samples were collected from a mine 
in Canaan, Connecticut (Dolo). This material possessed an average particle size range of 
approximately 6.4-9.5 mm. To remove any fine particulate matter affixed to the outside 
of the media, the material was repeatedly rinsed in DDI water until the rinse water was 
visibly clear, and then placed in a drying oven at approximately 105°C overnight. 
2.2.1.4. Hydroxylapatite 
 Hydroxylapatite is a calcium-phosphate mineral with the chemical composition of 
Ca5(PO4)3(OH) (Bellier et al., 2006). A pelletized rock phosphate fertilizer (Espoma 
Rock Phosphate 0-3-0) was used in this study as a readily available substitute due to its 
mineralogical similarity to hydroxylapatite (HAP). This material possessed an average 
particle size range of approximately 1-5 mm. 
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2.2.1.5. Egg Shells 
 Two dozen white Grade-A chicken eggs (Egg) were bought at a local retailer. The 
edible portion of the egg was removed, and the shells were rinsed with tap water and 
allowed to dry at 22°C. The dried shells were then placed in a disposable Al pan and 
covered with heavy-duty Al foil to create a low-oxygen chamber. This package was 
placed directly on the coals in a wood burning stove at 300°C, and gradually cooled to 
22°C over an 8 h period. The shells were then crushed to yield an average particle size of 
5 mm. 
2.2.1.6. Unactivated Biochar and Granular Activated Carbon 
 Unactivated biochar (FOX) and granular activated carbon (GAC) were acquired 
from suppliers in the northeast. FOX was a hardwood sawdust based biochar treated with 
a proprietary ACFox post-carbonization treatment. GAC was an aquarium grade, heat 
activated, bituminous coal based activated carbon granules. These materials were 
prepared by repeatedly rinsing in DDI water until the rinse water was visibly clear. These 
materials were then heated for 1 h in DDI water, at a ratio of 1 L per 100 g of media, on a 
stirring hotplate set to 90°C and dried for 48 h at 22°C. 
2.2.1.7. Coral Sands 
 Two varieties of coral sands were purchased from a local retailer. The first was 
coarse aragonite marine coral sand (CaribSea Florida Crushed Coral) (CCS). This 
material was crushed and sieved to an average particle size range of 2.5-5.5 mm. The 
second was heat sterilized fine mined aragonite marine coral sand (Nature's Ocean 
Atlantic Crushed Coral) (FCS). The average particle size ranged from 0.1-0.75 mm. Both 
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of these materials were repeatedly rinsed in DDI water until the rinse water was visibly 
clear and dried for 24 h at 22°C. 
2.2.2. Batch Test Procedure 
 Batch tests were undertaken to determine the effectiveness of media types in 
removing soluble reactive phosphate (SRP) from synthetic wastewater and to calculate 
SRP adsorption capabilities. The methods of Bellier et al. (2006) were adapted for this 
study. Synthetic wastewater was created by dissolving KH2PO4 in DDI water and 
prepared to initial SRP concentrations of 10, 25, 50, 75 and 100 mg PO4-P/ L. 1.0 g of 
each media was combined with 25 ml of each wastewater solution and placed on a 
shaking table set to 200 rpm for 24 h at approximately 22°C. Standards and controls were 
included in the analysis. Each treatment was carried out in replicates of either 3 or 5. 
Each replicate was analyzed individually and then treatment replicates were averaged for 
use in analyses. After the 24-h shake, all samples were immediately passed through 0.45 
µm filters and analyzed for the residual SRP concentration. 
2.2.3. Data Analyses 
2.2.3.1. Media Performance 
 The performance of each media was calculated as a percent SRP reduction (PR), 
using the following equation (Desta, 2013), where Ci and Ce are the initial SRP 
concentration and equilibrium SRP concentration (mg PO4-P/ L): PR=((Ci-Ce)/Ci)*100. 
The mass (mg PO4-P/ g media) of SRP adsorbed by media at equilibrium (Qe) was 
calculated using the following equation (Desta, 2013): Qe=((Ci-Ce)*V)/m, where V is the 
volume of the solution (mL) and m is the mass (g) of the media. SRP adsorption 
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isotherms were then created and modeled using the Langmuir and Freundlich isotherms 
(Kaasik et al., 2008), as well as the linear, exponential and logarithmic models to 
determine which provided the best fit. The Langmuir isotherm assumes the media's 
surface is homogenous and a single molecule may become bound at any site forming a 
monolayer. This implies that the surface's monolayer is capable of reaching a saturation 
point (Desta, 2013). This isotherm was constructed with the following: 
Qe=(Qm*Ka*Ce)/(1+Ka*Ce), where Ka and Qm are constants relating to the energy of 
adsorption and the maximum adsorption capacity. The Freundlich isotherm is an 
empirical model that lacks assumptions and is calculated as follows: Qe=Kf *Ce
(1/n)
 , 
where Kf and n are constants that are a function of temperature and energy. 
2.2.3.2. Analytical Methods and Statistical Analysis 
 SRP concentrations were measured by the flow-injected analysis for 
orthophosphate method (APHA et al., 1998) using a flow-through Lachat 
Spectrophotometer (Quik Chem FIA+ 8000 series). Data was subjected to one-way 
ANOVAs using JMP Pro statistical software (JMP Pro 11.0.0, 2013). Post-hoc Tukey's 
honest significant difference (HSD) test was used to detect significant difference (p<0.05) 
between media types. Average percent SRP reductions and the average mass of SRP 





2.3.1. Batch Experiments 
2.3.1.1. Percent SRP Reduction 
 The selected media were found to behave differently in overall performance and 
across the individual treatments (Table 1). The one-way ANOVA showed statistically 
significant differences in SRP reduction across treatments (adjusted R
2
=0.8057, 
df=11,59, F Ratio= 23.2459, p value< 0.0001). Cal-OM had the overall highest SRP 
reduction and Cal-SW had the lowest SRP reduction. The post-hoc Tukey's HSD test 
revealed a statistically significant difference between media type performance, and 
helped to categorize the media into three groups (Table 2). The first group consisted of 
Cal-OM, CCS, GAC, Egg, Woll and Cal-SH UR. The average PO4-P reduction for this 
group ranged from 58.5-87.5%. The second group consisted of CCS, GAC, Egg, Woll, 
Cal-SH UR, FCS and HAP. The average PO4-P reduction for this group ranged from 
53.3-75.6%. The third group consisted of Cal-SH, FOX, Dolo and Cal-SW, and the 
average PO4-P reduction for this group ranged from -0.6-13.8%. However, CCS, GAC, 
EGG, Woll, and Cal-SH UR were not a discrete group (Table 2). There were no 
consistent trends based on initial SRP concentration (Table 1).  
2.3.1.2. SRP Adsorption 
 The media's ability to adsorb SRP (mg PO4-P/ g media) was highly variable 
across the treatments (Figure 2). The Langmuir isotherm provided good fits for Woll and 
GAC; however, it did not provide the best fit for any of the media (Table 3). The 
Freundlich isotherm provided the best fit for the following media in descending order: 
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GAC, Woll, HAP and CCS (Table 3). The linear model yielded the best fit for: Cal-OM, 
FOX and FCS (Table 3). The exponential model provided the best fit for Cal-SW and 
Dolo (Table 3). The logarithmic model provided the best fit for: Cal-SH UR, Cal-SH and 
Egg (Table 3). The one-way ANOVA showed statistically significant differences in SRP 
adsorption across treatments (adjusted R
2
=0.2585, df=11,59, F Ratio=2.87, p 
value=0.0057). However, the post-hoc Tukey's HSD test of the average SRP adsorbed by 
media at equilibrium showed no statistical differences for the performance between the 
different media types (Table 4). 
 
2.4. Discussion 
2.4.1. Batch Experiments 
2.4.1.1. Percent SRP Reduction 
 The average percent SRP reduction was measured through a series of batch 
studies. The media behaved differently according to the initial SRP concentration of the 
wastewater solution. Cal-SH, Cal-SW, Dolo and FOX were relatively unsuccessful across 
all treatments (Table 1). Each of these media was found to contribute SRP during at least 
one of the treatments (Table 1). It is likely that poor performance of Cal-SW is due to the 
existence of impurities within the limestone from its origin. Limestone may be purely 
comprised of calcite, but often the stone is filled with mineral impurities and even sand or 
silt (Vohla et al., 2011). This may have effectively lowered the amount of Ca available to 
interact with the SRP present within the wastewater resulting in lower levels of uptake. 
 25 
 
Dolo's performance was significantly lower than what has been reported in the literature, 
with studies attaining 56-68% reductions (Pant et al., 2001). This may also be explained 
by the existence of impurities within the samples. Another possibility is that this dolomite 
may have a greater ratio of magnesium (Mg) to Ca than previously tested materials, as it 
has been shown that SRP reduction capability is increased in media with Ca contents over 
15% (Vohla et al., 2011). A mineralogical analysis of these materials could provide 
insight into the exact chemical composition of these two mineral samples. It is unclear 
why the performance of Cal-SH was reduced by heating compared to Cal-SH UR. This is 
contrary to some findings within the literature, as it has been shown that the performance 
of some Ca-based materials, such as opoka limestone, are improved by heating 
(Brogowski and Renman, 2004). It is likely that the poor performance of FOX may be 
attributed to the physical characteristics of the media. During biochar pyrolysis, SRP is 
typically released from the organic biomass structure (DeLuca et al., 2012), which must 
be rinsed off prior to use. Further SRP may be released during the shaker experiments as 
larger particles collide and break apart, exposing greater surface area from which SRP 
can be released. This media was also unactivated, which resulted in a smaller internal 
porosity and less available surface area for SRP uptake compared to GAC. Further 
rinsing, acid washing and activation may improve the performance of this media, as well 
as utilizing a stronger source material, such as nut shells, that may be more resistant to 
physical breakdown and result in less leaching of SRP.  
 The two mine tailing byproducts, Cal-OM and Woll, were able to consistently 
achieve high SRP reductions across the treatments; however, Woll did not match the high 
reductions (>90%) reported in the literature (Brooks et al., 2000; Hill et al., 2000). It is 
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likely that the small particle size associated with these media contributed to their ability 
to reduce SRP concentrations, because a smaller particle size increases the available 
surface area for sorption mechanisms to occur (Vohla et al., 2011). It is believed that this 
may also be responsible for the success of HAP as it was noted that during the shake the 
pellets were quickly dissolved into smaller sized particles. 
 Interestingly, the Egg media performed well consistently at initial SRP 
concentrations of 25-100 mg/ L (66.7-84.68%), but performance dropped off 
significantly at the lowest initial SRP concentration of 10 mg/ L (12.76%). This is 
contrary to what has been reported in the literature, as Köse and Kıvanç (2011) found no 
significant difference in the ability of eggshells to reduce SRP across different initial 
starting SRP concentrations. This may be due to the fact that the lowest initial SRP 
concentration they utilized was 50 mg/ L, which was the concentration that performance 
began to decline within our study.  
 GAC was found to work consistently well across treatments, and this is likely due 
to its small particle size as well as its physical traits of possessing a very high reactive 
surface area and internal porosity due to the activation process (Akash and O'Brien, 
1996). The coral sands also worked well, especially at higher initial SRP concentrations. 
The ability of these materials to reduce SRP concentrations has been previously linked to 
their high Ca and Mg content (Liu et al., 2012a; Roseth, 2000; Vohla et al., 2011). It was 
surprising that CCS outperformed FCS across all the treatments as previous research has 
shown these two media behave similarly (Jones, 2014); however, Ádám et al. (2007) has 
shown that grain size is not always well correlated with the media’s ability to reduce SRP 
concentrations. CCS likely had a higher internal porosity than FCS, and it is also possible 
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that the FCS in the study was too fine and dense to remain thoroughly mixed throughout 
the study. 
 The results of the post-hoc statistical analysis for average SRP reductions by 
media showed the media grouped into three performance categories (Table 3). The 
performance of Cal-OM stood apart from many of the other media, as it was able to 
reduce SRP concentrations by a high percentage across all the treatments. CCS, GAC, 
Egg, Woll and Cal-SH UR were found to overlap with groups A and B, making their 
performance more difficult to compare. Cal-SH, FOX, Dolo and Cal-SW were placed 
into a distinctive group, highlighting their poor performance compared to the other 
media. 
2.4.1.2. SRP Adsorption 
 The ability of each media to adsorb SRP was highly variable. The adsorption 
capacity of each media could have been limited by the fact that the wastewater solution 
utilized was only as high as 100 mg PO4-P/ L; therefore, the maximum adsorption value 
reported represents the greatest adsorption found under these experimental conditions, 
but does not represent a theoretical maximum value. The maximum adsorption of Cal-SH 
UR and Cal-OM (1.30 and 2.30 mg SRP/ g) was found to be significantly higher 
compared to values reported in the literature for calcite (1.09 and 0.68 mg SRP/ g), while 
Cal-SH and Cal-SW (0.47 and 0.02) were low (Bellier et al., 2006; Drizo et al., 1999). 
Woll experienced decent adsorption (1.5 mg SRP/ g), but was low compared to reported 
values (2-5 mg SRP/ g) (Hill et al., 2000). The maximum adsorption of Dolo (0.02 mg 
SRP/ g) was significantly lower than that reported in the literature (0.17 and 9.7-52.9 mg 
SRP/ g), indicating that this sample is significantly less reactive than what has been 
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previously studied (Karaca et al., 2004; Prochaska and Zouboulis, 2006). HAP 
experienced good SRP adsorption (1.19 mg SRP/ g), but results were mixed when 
compared to findings in the literature. This type of HAP performed better than four 
varieties (0.28, 0.31, 0.37 and 0.41 mg SRP/ g) studied by Bellier et al. (2006), but was 
low compared to findings (4.76 mg SRP/ g) from Molle et al. (2005). This may be due to 
the fact that the later study utilized wastewater solutions with initial SRP concentrations 
as high as 500 mg PO4-P/ L.  
 The maximum adsorption of Egg (2.08 mg SRP/ g) was found to be comparable 
to values reported for Fe-enriched eggshells in the literature (2.01 mg SRP/ g), but was 
substantially lower compared to values reported for calcinated eggshells (23.02 mg SRP/ 
g) (Köse and Kıvanç, 2011; Mezenner and Bensmaili, 2009). In the later study, Köse and 
Kıvanç (2011) identified heating at 800°C for 2 h as the optimal preparation process for 
the calcnination of eggshells in order to maximimze SRP adsorption due to increased 
pore volume and surface area of the media. Therefore, it is possible that the lower 
tempature and lack of fine control during the calcination process in this study resulted in 
heterogenous samples with variable media characteristics, such as surface area, pore size 
and the amount of available Ca. This may have hindered the performance of the media, 
and a follow up study is recommended. 
 The maximum SRP adsorption of CCS (2.43 mg SRP/ g) and FCS (1.74 mg SRP/ 
g) were high compared to values reported in the literature for experiments utilizing 
similar starting SRP concentrations. Ádám et al. (2007) and Søvik and Kløve (2005) 
found very little SRP adsorption from shellsands at initial SRP concentrations of 10-100 
mg/ L; however, substantially higher adsorption was found when the initial SRP 
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concentration was raised. Maximum adsorption capacities were quite variable with 
authors reporting adsorption of 8-17 mg SRP/ g when utilizing initial SRP concentrations 
up to 1,000 mg/ L (Ádám et al., 2007; Roseth, 2000; Søvik and Kløve, 2005).  
 The maximum adsorption of FOX (0.55 mg SRP/ g) was generally low compared 
to values reported in the literature, with studies finding maximum adsorption of 0.914 mg 
SRP/ g for anaerobically digested fiber biochar (Streubel et al., 2012), 1.13 mg SRP/ g 
for mixed hardwood biochar (Sarkhot et al., 2013) and 0.66 mg SRP/ g for softwood 
biochar (Jones, 2014) with the later study utilizing initial SRP concentrations as high as 
1,000 mg/ L. This supports previous findings that the specific surface area of biochar is 
influenced by both the feedstock as well as the pyrolysis conditions under which the 
biochar was created (Sarkhot et al., 2013). The maximum adsorption of GAC was found 
to be 1.68 mg SRP/ g under these initial SRP concentrations, but significantly higher 
values have been reported (10.0 mg SRP/ g) when utilizing initial SRP concentrations up 
to 1,000 mg/ L (Jones, 2014). This shows that GAC has the potential to achieve a greater 
maximum adsorption if used to treat wastewaters with high SRP concentration, such as 
effluent from dairy farms (Jones, 2014). It is unclear why the post-hoc statistical analysis 
for average SRP adsorption revealed no statistically significant difference between the 
media performance even though the media behaved quite differently.  
 It was interesting that the Langmuir isotherm did not provide the best fit for any 
of the media as the literature reported good fits for calcite (Drizo et al., 1999), Dolo 
(Prochaska and Zouboulis, 2006), HAP (Bellier et al., 2006; Molle et al., 2005) and Egg 
(Köse and Kıvanç, 2011; Mezenner and Bensmaili, 2009). Coral sands have had mixed 
success when attempting to fit the Langmuir isotherm in the literature. Ádám et al. (2007) 
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did not observe a good fit, while Søvik and Kløve (2005) reported a good fit. Sarkhot et 
al. (2013) reported that the Freundlich isotherm provided a better fit than the Langmuir 
for biochar. The reliability of the Langmuir isotherm has been called into question for use 
in SRP adsorption because it was initially developed for gases under the assumption that 
adsorption results in a single layer on a uniform surface, whereas SRP adsorption from 
solution onto media occurs on non-uniform surfaces (Drizo et al., 1999). It has also been 
shown that using the Langmuir equation in batch studies can lead to unrealistic estimates 
for the SRP adsorption capacity in some media (Drizo et al., 2002). 
 The Freundlich isotherm provided the best fit for Woll, HAP, GAC and CCS. 
This is an empirical relationship between the concentration of SRP adsorbed on the 
surface of the media to the concentration of SRP within the solution (Su et al., 2013). 
 The linear model provided the best fit for Cal-OM, FOX, and FCS. This model 
may indicate that adsorption among these media occurs at a steady rate. The exponential 
model provided the best fit for Cal-SW and Dolo, indicating that the rate of adsorption is 
increasing rapidly before leveling out. Finally, the logarithmic model provided the best fit 
for Cal-SH UR, Cal-SH and Egg indicating that adsorption may be occurring at an 
increasingly high rate. 
 
2.5. Conclusion 
 SRP reduction capabilities were found to be highly variable between the different 
media studied, as well as across initial SRP concentrations. The media Cal-SH, Cal-SW, 
Dolo and FOX were found to be unsuccessful in their performance across all treatments 
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in respect to both average percent SRP reduction and mass of SRP adsorption. The 
Langmuir isotherm did not provide the best fit for any of the media in this study. 
Statistical analysis showed that Cal-OM, CCS, GAC, Egg, Woll and Cal-SH UR were the 
best performing media as these materials achieved average SRP reductions of nearly 60-
90% across all of the treatments; however, no statistical differences were detected 
between any of the media when compared for average SRP adsorption across all 
treatments. 
 When selecting media for use in a column study, it has been shown that it is very 
important to choose media with promise to reduce SRP concentrations within wastewater 
and that have favorable physical traits, such as adequate particle size and porosity, as 
many studies have been abandoned due to clogging (Vohla et al., 2011). Bellier et al. 
(2006) recommended that a granular particle size range of 2.5-10 mm is ideal to avoid 
clogging within a column filter; furthermore, it has been suggested that the media should 
be both cheap and locally available (Drizo et al., 1999). Based on these guidelines, Cal-
SH UR is an ideal media to study for use in column filters, due to its favorable physical 
traits, ability to reduce SRP in wastewater, and its low cost and close proximity to the 
University of Vermont. The performance of this media will be investigated in a follow-up 
study utilizing large column filters, operating within the Aiken AEES to reduce SRP 
concentrations from secondary wastewater. 
 The powdered mine tailing byproducts showed great potential to reduce SRP 
concentrations; however, they are not well suited for use within a filtration system as they 
would lead to clogging. It is recommended that these materials be further studied using 
kinetic experiments to better understand the rate of SRP removal. If these media are 
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capable of achieving high reductions in a short amount of time, they may be suitable for 
use within a clarifier setting in wastewater treatment. 
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Phosphate Removal and Recovery from Wastewater by Calcite Based Filters for 
Ecologically Engineered Wastewater Treatment Systems 
Abstract: 
 Eutrophication due to excess loading of phosphorus (P) is a leading cause of 
water quality degradation within the United States. The aim of this study is to investigate 
P removal and recovery from secondary wastewater from an advanced, ecologically 
engineered wastewater treatment system using column filters. Three replicate filters were 
constructed and locally sourced calcite was selected as the filter media based on results 
from initial batch studies. Performance between the filters for P removal and adsorption 
was similar overtime. The columns achieved an average P reduction of 12.53% (se = 
0.98), and an average P adsorption of 0.649 mg PO4-P/ kg media (se = 0.03) over a 4-h 
hydraulic retention time. Paired T-tests showed that P reductions were statistically 
significant (p-value < 0.05) on the majority of sampling dates until the columns reached 
saturation. Saturation was reached after 31 days for two of the columns and 36 days for 
the third column. The filter media consistently buffered the pH of the wastewater to 
approximately 6.0-7.0 with no indication of diminishing buffer capacity after saturation. 
X-ray powder diffraction analysis was not able to detect any P species within the filter 
media, but did reveal mineralogical variability between calcite samples. Ready desorption 
after saturation and buffer capacity indicates spent media may be suitable as a fertilizing 





 Anthropogenic sources of phosphorus (P), including discharges from wastewater 
treatment facilities and agricultural and urban runoff (Ádám et al., 2007), into water 
bodies is among the primary causes of eutrophication and water quality degradation 
within the United States (United States Environmental Protection Agency, 2012). Despite 
the problems it can cause in aquatic systems, P is a critical element necessary to sustain 
all forms of life and has no substitute (Rhodes, 2013; Sharply et al., 2003). Phosphorus 
based fertilizers, processed from mined P rocks, have supported the modern agricultural 
system in attaining high yields (Cordell et al., 2009). This is complicated by the fact that 
minable P is a finite resource and a point of peak global P has either already been reached 
(Déry and Anderson, 2007) or could be reached by the middle of the twenty-first century 
(Cordell et al., 2009; Sengupta and Pandit, 2011). Phosphorus recovery from wastewater 
effluent has emerged as a strategy that can help mitigate the negative impacts of 
eutrophication while helping to transform P from a finite resource into a more renewable 
resource by lessening the demand for minable P (Ashley et al., 2011). One adaptation of 
this strategy has been the introduction of filters containing P adsorbing media into 
wastewater treatment systems and constructed wetlands (Ádám et al., 2007). It has been 
suggested that filter media should fit a certain criteria to be considered suitable, including 
being cheap and locally available to the system (Drizo et al., 1999), and possess 
favorable filter traits, such as an adequate particle size and porosity (Vohla et al., 2011). 
Bellier et al. (2006) recommended that a granular particle size range of 2.5-10 mm is 
ideal to avoid clogging within a column filter. 
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 Potential filter media that have been studied include natural materials, industrial 
byproducts and man-made products (Johansson Westholm, 2006). Natural materials that 
have been studied include minerals, organic based materials, sands and marine shells 
(Karageorgiou et al., 2007; Li et al., 2013; Park and Polprasert, 2008; Xiong and 
Mahmood, 2010; Yin et al., 2013). Industrial byproducts include steel slag and oil-shale 
ash (Drizo et al., 2008; Gustafsson et al., 2008; Kaasik et al., 2008), while man-made 
materials are often different types of light-weight aggregates and nanoparticles (Klimeski 
et al., 2014; Zapater-Pereyra et al., 2014). Most of these materials are related in their 
ability to adsorb P because they are high in aluminum (Al), calcium (Ca) or iron (Fe) 
(Lee et al., 2010). Ca-based materials offer the advantage that P bound to these materials 
is more bioavailable than when bound to Al or Fe (Ádám et al., 2007). Phosphorus 
recovery through Ca-based filter media is thought to occur primarily through the 
mechanisms of adsorption and precipitation of calcium-phosphates, often as the mineral 
hydroxylapatite (Brooks et al., 2000). Hydroxylapatite frequently serves as the raw 
material for fertilizer production as it makes up large portions of global P rock reserves, 
and P saturated filter media shows promise as slow-release fertilizing soil amendments 
(Song et al., 2007). 
 The Rubenstein School of the Environment and Natural Resources (RSENR) at 
the University of Vermont is home to an advanced, ecologically engineered treatment 
system (AEES), also known as a Living Machine™ or Eco-Machine™ (Todd and 
Josephson, 1996). This system is an ecologically engineered alternative to a conventional 
wastewater treatment systems that seeks to utilize natural processes of ecosystems in 
order to serve human communities in a sustainable manner (Morgan and Martin, 2008). 
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 The aim of this study is to investigate P removal and recovery from wastewater 
with locally sourced calcite-based column filters operating within an AEES. This 
research will contribute to the understanding of how calcite performs as a P recovery 
media within column filters, as it has been shown that using small-scale filters may not 
provide an accurate reflection of how a larger system may behave and authors have noted 
that further research with large-scale experiments is needed (Johansson Westholm, 2006; 
Vohla et al., 2011). 
 
3.2. Materials and Methods 
3.2.1. Calcite 
 Calcite is a calcium-carbonate mineral with the chemical composition of CaCO3 
(Karageorgiou et al., 2007). Calcite was acquired from a quarry in Shelburne, Vermont, 
USA. This material was collected from open piles of crushed calcite and was sieved to 
yield an average particle size of approximately 6.35-12.7 mm. To remove any fine 
particulate matter affixed to the outside of the media, the calcite was thoroughly rinsed 
with tap water and left to dry overnight at 22°C. This material was selected based on 
performance during initial batch studies (see Chapter One). 
3.2.2. Site Description 
 The RSENR Eco-Machine is an AEES. This system is comprised of the physical 
tank structure and a complex, diverse and ever-adapting group of living communities 
assembled around the energy and nutrients embodied in the wastewater. This AEES is 
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designed to treat wastewater generated at the Rubenstein School, including inputs from: 
toilets, urinals, sinks, floor drains, showers, and water fountains. Inputs of wastewater go 
through primary treatment, consisting of a grinder pump and septic tank, before being 
stored in an equalization tank that delivers pulses of wastewater to the AEES. The AEES 
is comprised of three identical treatment systems that run parallel to each other. Each 
system consists of a closed aerobic cell with odor-scrubbing biofilter, 3 sequential open 
aquatic cells that are planted, and a vertical upflow constructed wetland cell. After the 
wastewater has been treated it is passed through a solids filter and an ultraviolet 
disinfection system, where it then can either be reused as flushing water within the 
building's restrooms or discharged into the municipal sewer system. The average daily 
flow of the AEES during the experimental period was 3.3 m
3
 (880 gallons). 
3.2.3. Column Experiment 
 The methods of Ádám et al. (2007) were adapted for the column experiment. 
Columns were constructed from polyvinylchloride tubes. Three identical filters were built 
that had a diameter of 20.32 cm and a height of 1.14 m (Figure 3). Phosphorus removal 
by calcite was studied in vertical upflow column filters without recycling. The volume of 
each column was 36.9 L and filled with 52.4 kg of media. The porosity of the calcite 
within the filters was approximately 53%. Media was distributed into 4 ventilated mesh 
bags (6 mm openings) per column to assist with removal upon termination of the study. 
Peristaltic pumps moved secondary wastewater from a holding tank located after the 
vertical upflow constructed wetland cell from one of the treatment systems within the 
AEES. Wastewater was evenly distributed among and throughout the columns and the 
media was kept saturated throughout the experiment. The flow rate was held constant at 
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4.9 L per h. The hydraulic residence time (HRT) was kept at 4 h for each column, 
resulting in 19.68 L of wastewater flowing through the columns each 4-h cycle. This is 
the ideal HRT within the AEES due to the flow pattern of the system. The HRT was 
calculated using the following equation (Brooks et al., 2000): HRT=(π*r2*h*Ф)/Ω, where 
r is the column's radius (cm), h is column's height (cm), Ф is the porosity of the media 
and Ω is the measured flow rate (L/ h). A sampling port located in the influent line 
between the holding tank and bottom of each column filter allowed manual collection and 
recording of the influent soluble reactive phosphate (SRP) concentration. Effluent was 
collected directly from the outflow tube at the top of the column. Influent and effluent 
samples were collected from each column three times a week, for 64 days, and analyzed 
for SRP and pH. All SRP samples were passed through 0.45 µm filters and frozen until 
analysis, while pH samples were analyzed immediately. When the experiment ended each 
column was divided into 4 equal layers (approximately 29 cm) with 2 samples, one 
sample white in color and one sample gray in color. These were analyzed for their 
mineralogical content using X-ray powder diffraction (XRD). Prior to XRD analysis 
these samples were ground to <100 µm using of a steel ball mill. 
3.2.4. Data Analyses 
3.2.4.1. Filter Performance 
 The performance of the filters was calculated as a percent SRP reduction (PR), 
using the following equation (Desta, 2013), where Ci and Ce are the initial SRP 
concentration and equilibrium SRP concentration (mg PO4-P/ L): PR=((Ci-Ce)/Ci)*100. 
The mass (mg PO4-P/ kg media) of SRP adsorbed by media at equilibrium (Qe) was 
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calculated using the following equation (Desta, 2013): Qe=((Ci-Ce)*V)/m, where V is the 
volume of the solution (L) and m is the mass (kg) of the media. Performance was 
monitored for 64 days and the saturation point for the media within each column was 
determined when there was a consistent decrease in performance as effluent SRP 
concentration met or exceeded the influent concentration (Ádám et al., 2007) 
3.2.4.2. Analytical Methods and Statistical Analyses 
 SRP concentrations were measured by the flow-injected analysis for 
orthophosphate method (APHA et al., 1998) using a flow-through Lachat 
Spectrophotometer (Quik Chem FIA+ 8000 series). The pH of influent and effluent 
samples was routinely monitored with an Orion Star A211 pH Benchtop Meter and an 
Orion 8302BNUMD Ross Ultra Glass Triode pH/ ATC Combination Electrodes. Data 
was subjected to paired T-tests to detect significant difference (p-value < 0.05) in SRP 
reductions from each sampling event using JMP Pro statistical software (JMP Pro 11.0.0, 
2013). XRD analysis was carried out on a Rigaku miniflex 2 equipped with a Cu Kα 
radiation, operated under a potential of 30kV.and a beam current of 15 mA. Scanning 
parameters were set at 0.02 degrees step width and a count time of 1 s per step. The 






3.3.1. Column Experiment 
3.3.1.1. Percent SRP Reduction and SRP Adsorption 
 Influent SRP concentrations within the wastewater fluctuated throughout the 
duration of the experiment (Table 5). There were 10 dates when the P in the effluent was 
statistically significantly lower than the influent (Table 5). From the onset of the 
experiment until the first two columns reached saturation, only 3 sampling events were 
not found to be significant, 25 and 27 March and 1 April (Table 5). There were two dates, 
22 and 24 April, following saturation when statistical analysis showed effluent was 
statistically significantly higher than influent (Table 5). 
 The saturation point for the media within each column was determined when there 
was a consistent decrease in filter performance. Desorption occurred when the effluent 
SRP concentration exceeded the influent SRP concentration. The amount of time between 
the start of the experiment and the saturation point represents the effective lifetime of the 
media under the experimental conditions. Two of the columns had a usable lifetime of 31 
day, 186 pore volumes. Over this period these filters treated 3.66 m
3
 (969 gallons) of 
wastewater each. The third column had a slightly longer useable lifetime and reach 
saturation at 36 days, 216 pore volumes. Over these 36 days this filter treated 4.25 m
3
 
(1,123 gallons) of wastewater. Figure 4 shows influent and effluent SRP concentrations 
within the wastewater over the 64-day period. The columns were found to achieve an 




  Adsorption of SRP by filter media fluctuated throughout the duration of the 
experiment until saturation was reached (Table 6). The three replicate columns behaved 
similarly in adsorption performance and possessed an average SRP adsorption of 0.649 
mg PO4-P/ kg media (se = 0.03) during the 4-h HRT until saturation was reached.  
3.3.1.2. Wastewater Influent and Effluent pH Values 
 The pH of wastewater influent and effluent was regularly monitored in each 
column during the latter half of the experiment (Table 7). Prior to regular testing the 
influent pH was known to fluctuate between 5.0 and 5.5, while the effluent was typically 
buffered to be in the range of 6.0 and 6.5. After 40 days had elapsed, efforts were made to 
increase the alkalinity of the wastewater for the overall performance of the AEES. The 
pH in the wastewater effluent was effectively increased to a range of 6 and 6.5 (Table 7); 
however, the resulting buffer provided to the effluent pH ranged from 6.3 to 6.8 (Table 
7). 
3.3.1.3. XRD Analysis 
 X-ray powder diffraction analysis detected no specific P-bearing crystalline phase 
in the column filter media after the experiment. There was mineralogical variability 
between the samples that were white and gray in color. The white samples were pure 
calcite, while the gray samples contained impurities. The impurities consisted principally 






3.4.1. Column Experiment 
3.4.1.1. Percent SRP Reduction and SRP Adsorption 
 In long term column experiments the performance of calcite as a filter media was 
studied within an AEES, and until saturation there were three dates when reductions 
weren't found to be statistically significant. The first event, 25 March, was likely due to 
one column experiencing a much lower percent reduction, 4.8%, compared to the other 
columns, 13.5 and 11.6% respectively. The second event, 27 March, may be because 
another column experienced a removal rate of, 24.6%, more than double the removal of 
the other replicates, 11.9 and 11.0% respectively. The final event, 1 April, could be due 
to the same phenomenon as the same column experienced a removal rate as high as 
30.0%, while remaining columns removed 17.9 and 11.3% respectively. 17 and 20 April 
were also not found to be significant, but this is likely due to the first two columns having 
reached saturation on 15 April, while final column did not reach saturation until 20 April. 
After saturation there were two dates, 22 and 24 April, when analysis showed effluent 
was statistically significantly higher than influent, indicating statistically significant SRP 
desorption. This highlights the need to carefully identify the saturation point in order to 
change the media at the appropriate time to maximize its performance as filter media and 
as a fertilizing soil amendment. 
 The performance of calcite is difficult to compare to the literature because there 
are limited data on the performance of limestone based materials in wastewater treatment 
systems (Johansson Westholm, 2006). Furthermore, it is difficult to directly compare 
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column studies (Vohla et al., 2011) due to the variation in experimental designs, such as 
the column size, media volume, loading rate and HRT (Johansson Westholm, 2006).  
 In this experiment the performance of calcite is lower than what has been reported 
in the literature. For example, in Hussain et al. (2011) the SRP removal rates were 67-
77% when using a mixture of limestone and granular activated carbon; however, in 
addition to the filter media being a mixture, the study also utilized very small column 
filters that were fed with a synthetic wastewater solution. Ádám et al. (2007) noted that 
results from studies utilizing synthetic wastewater solutions might be significantly 
different compared to results yielded from the utilization of actual wastewater. This is 
because the characteristics of secondary wastewater are far more complex than synthetic 
solutions. Competitive ions within the influent can negatively impact SRP adsorption by 
forming unwanted complexes on the surface of calcite, or by binding with available Ca 
and SRP in the wastewater to reduce the precipitation of calcium-phosphates (Cao and 
Harris, 2007; Liu et al., 2012b). Competitive ions may include both cations and anions, 
such as organic acids, carbonate, Ca, Mg and sulfate (Cao and Harris, 2007; Liu et al., 
2012b). In Renman and Renman (2010), SRP removal from wastewater with heat treated 
(900°C) polonite, opoka limestone in a large, 800 L, filter was 89%; however, it 
possessed more than ten times more media than the current experiment and a HRT of up 
to 72 h. Heat treating Ca-based materials may improve their performance (Brogowski and 
Renman, 2004), as this process transforms CaCO3 into CaO which is capable of 
adsorbing SRP more effectively (Johansson Westholm, 2006). Furthermore, opoka 
limestone is an amorphous mineraloid due to its non-crystalline internal structure which 
makes it highly porous in comparison to crystalline calcite, effectively increasing the 
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available area for sorption mechanisms to occur (Vohla et al., 2011). The results of this 
column study are more comparable to the performance of calcite filters that have been 
installed in constructed wetlands, as studies have shown SRP removal of approximately 
20% over time (Strang and Wareham, 2006).  
 Adsorption of SRP was very similar among the three replicate filters (0.649 mg 
PO4-P/ kg media). Adsorption was low compared to values reported for maximum SRP 
adsorption presented in the literature, as Brix et al. (2001) found a maximum adsorption 
of 5 mg PO4-P/ g with metamorphosed calcite and upwards of 25 mg PO4-P/ g utilizing 
calcite, and Drizo et al. (1999) reporting maximum adsorption of 0.68 mg PO4-P/ g. 
However, it is misleading to compare these results as they are derived from 24-h 
laboratory batch studies, while the adsorption reported for the columns was based on a 4-
h HRT. The results from Brix et al. (2001) were calculated with a synthetic wastewater 
solution as high as 320 mg PO4-P/ L, while the findings from Drizo et al. (1999) were 
calculated from the Langmuir equation with a synthetic wastewater solution as high as 40 
mg PO4-P/ L. It has been shown that using the Langmuir equation in batch studies can 
lead to unrealistic estimates for the SRP adsorption capacity in some media (Drizo et al., 
2002). Furthermore, it has been found in some studies utilizing calcite that SRP 
adsorption calculated in batch studies has been ten times higher than what was observed 
in field applications (Johansson Westholm, 2006). Desorption of SRP occurred from the 
filter media once the columns reached saturation for the duration of the experiment. This 
suggests that spent media could be utilized as a soil amendment as the SRP may readily 
desorb to act as a fertilizer (Cucarella et al., 2009). 
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 The low performance of the calcite filters, for both percent SRP reduction and 
SRP adsorption, compared to values reported in the literature, is likely due to a 
combination of physical characteristics of the filter media as well as different aspects of 
the experimental design. The largest obstacle to SRP adsorption was likely the short HRT 
required by the design of the AEES, which limited the potential duration of residence 
time in the column filters as the system's flow rate is optimized for a HRT of 3 to 4 h. 
While the columns were able to average 12.53% reductions in SRP in only 4 h, this 
timeframe was not sufficient to reach greater reductions under the experimental 
conditions. When studying Ca-based minerals, Brooks et al. (2000) found that a HRT of 
greater than 40 h was necessary to attain high SRP reductions. Another large factor in the 
lower than expected rate of SRP adsorption was the pH of the wastewater influent. Ca-
based materials have yielded poor results when influent pH conditions were low 
(Gustafsson et al., 2008). SRP adsorption with Ca-based materials, including calcite, can 
be improved if the pH of the starting solution is increased because adsorption can be low 
even in moderately basic conditions, but performance may be doubled as the pH 
increases towards 12.0 (Karageorgiou et al., 2007; Zapater-Pereyra et al., 2014). Due to 
the dependence on more basic conditions for performance of Ca-based materials, a filter 
media that is Al or Fe based could be more favorable within this system as the 
precipitation of SRP with these ions is favored in more acidic wastewater conditions 
(Brix et al., 2001). 
 Upon exhumation of the filter media it was discovered that in the bottom 0-29 cm 
of each column had been enveloped in a layer of sludge and biofilm. While the porosity 
and particle size of the media were great enough to prevent this from causing clogging 
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within the filters, the sludge and biofilm may have contributed to the lower performance 
of the filter media. Biofilm and sludge accumulation can decrease SRP removal by 
blocking active sites and pore spaces within the media, effectively reducing the available 
surface area for sorption mechanisms to occur in a large portion of the filter (Vohla et al., 
2011). Furthermore, biological activity within the filters also has the potential to disrupt 
SRP sorption mechanisms leading to decreased performance (Johansson Westholm, 
2006). Therefore, a better sedimentation or filtration system, such as a clarifier or gravel 
filter, prior to the influent reaching the filters may be necessary to help reduce sludge and 
sediment build-up within the column filters. 
3.4.1.2. Wastewater Influent and Effluent pH Values 
 Changes in the pH values in the wastewater influent and effluent were constant 
between the three columns throughout the experiment. The filters exhibited the ability to 
consistently buffer the pH within the wastewater influent to approximately 6.0-7.0. This 
is consistent with results from Bellier et al. (2006), who found similar buffering abilities 
with a filter containing a mixture of calcite and apatite, likely due to the dissolution of 
calcium-carbonate that increases the alkalinity of the wastewater. Furthermore, the 
column filters within the AEES showed no indication of diminishing buffer capacity even 
after the filter media had reached saturation. This strengthens the notion that the filter 
media could be suitable as a soil amendment as the saturated calcite could be utilized on 




3.4.1.3. XRD Analysis 
 XRD analysis was not able to detect any P species within the crystalline structure 
of the samples. This is consistent with findings from Eveborn et al. (2009) as they were 
generally unable to find evidence of P species on Ca-based filter media through XRD 
analysis. This is likely due to the concentrations of P being too low form sufficient 
amounts of minerals to be detected (Eveborn et al., 2009). The existence of impurities 
within some calcite samples may also be linked with the lack of P species present. For 
example, impurities could lower the amount of Ca available to interact with SRP present 
within the wastewater to form hydroxylapatite. This would reduce the reactivity of the 
filter media. The lack of hydroxylapatite may indicate that this mineral was not able to 
crystallize, and instead the driving mechanism of SRP uptake may have occurred as 
precipitation onto the surface of calcite, as suggested by Karageorgiou et al. (2007). 
 
3.5. Conclusion 
 Calcite-based column filters operating within the AEES at the University of 
Vermont were found to reduce SRP concentrations in secondary wastewater during a 
period of 64 days. The replicate columns behaved similarly as they achieved an average 
SRP reduction of 12.53% (se = 0.98) and an average SRP adsorption of 0.649 mg PO4-P/ 
kg media (se = 0.03) over a 4 h HRT. Saturation was reached after 31 days for two of the 
columns and 36 days for the third column. These results are promising as the HRT of the 
column filters is far shorter than many values reported in the literature, and pH levels 
within the wastewater influent were acidic. Paired T-tests revealed that SRP reductions 
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were statistically significant (p-value < 0.05) on most sampling events until the media 
reached saturation. The sampling events where reductions were not found to be 
statistically significant may be due to instances where a single filter either greatly 
outperformed or underperformed in respect to the replicate filters.  
 Throughout the experimental period, influent pH levels fluctuated with the filter 
media consistently buffering the wastewater to 6.0-7.0. This was likely due to the 
dissolution of calcium-carbonate which increased the alkalinity of the wastewater. The 
buffering ability of the media was not diminished even after the media had reached 
saturation.  
 XRD analysis was not able to detect any P species found within the filter media's 
crystalline structure, likely due to P being present in levels too low for detection. This 
may indicate that the main mechanism of SRP removal was not the crystallization of 
hydroxylapatite, but was the precipitation of SRP onto calcite's surface. There was 
mineralogical variability between calcite samples as some contained trace amounts of 
impurities.  
 The ready desorption of SRP after the filter media reached saturation indicates 
that it may be suitable as a soil amendment that could be especially beneficial to acidic 
soils due to the buffer capacity. A field trial is recommended to test whether spent calcite 
filter media may be useful as a soil amendment. Attention should be directed at carefully 
identifying the saturation point and harvesting the media from column filters in order to 
minimize the amount of desorption that occurs while the filters are in use and maximize 





 The authors would like to thank the Rubenstein School for their generous support 
of this research. We thank Matthew Beam for his assistance and expertise in designing, 
constructing and incorporating the column filters into the AEES. We also thank Donna 
Rizzo and Stephanie Hurley for their assistance in developing this project as well as 
reviewing an early draft of the manuscript. 
 
3.7. References 
Ádám, K., Krogstad, T., Vråle, L., Søvik, A.K., Jenssen, P.D., 2007. Phosphorus 
retention in the filter materials shellsand and Filtralite P®—Batch and column 
experiment with synthetic P solution and secondary wastewater. Ecol. Eng. 29 
(2), 200-208. 
APHA, AWWA, WEF, 1998. Standard Methods for the Examination of Water and 
Wastewater, 20th ed. American Public Health Administration, Washington, D.C. 
Ashley, K., Cordell, D., Mavinic, D., 2011. A brief history of phosphorus: From the 
philosopher’s stone to nutrient recovery and reuse. Chemosphere. 84 (6), 737-746. 
Bellier, N., Chazarenc, F., Comeau, Y., 2006. Phosphorus removal from wastewater by 
mineral apatite. Water Res. 40 (15), 2965-2971. 
Brix, H., Arias, C., Del Bubba, M., 2001. Media selection for sustainable phosphorus 
removal in subsurface flow constructed wetlands. Water Sci. Technol. 44 (11-12), 
47-54. 
Brogowski, Z., Renman, G., 2004. Characterization of opoka as a basis for its use in 
wastewater treatment. Pol. J. Environ. Stud. 13 (1), 15-20. 
 55 
 
Brooks, A.S., Rozenwald, M.N., Geohring, L.D., Lion, L.W., Steenhuis, T.S., 2000. 
Phosphorus removal by wollastonite: A constructed wetland substrate. Ecol. Eng. 
15 (1–2), 121-132. 
Cao, X., Harris, W., 2007. Carbonate and Magnesium Interactive Effect on Calcium 
Phosphate Precipitation. Environ. Sci. Technol. 42 (2), 436-442. 
Cordell, D., Drangert, J.-O., White, S., 2009. The story of phosphorus: Global food 
security and food for thought. Glob. Environ. Change. 19 (2), 292-305. 
Cucarella, V., Mazurek, R., Zaleski, T., Kopeć, M., Renman, G., 2009. Effect of Polonite 
used for phosphorus removal from wastewater on soil properties and fertility of a 
mountain meadow. Environ. Pollut. 157 (7), 2147-2152. 
Déry, P., Anderson, B., 2007. Peak phosphorus. Energy Bull. 13 (1), 1-15. 
Desta, M.B., 2013. Batch sorption experiments: Langmuir and Freundlich isotherm 
studies for the adsorption of textile metal ions onto Teff Straw (Eragrostis tef) 
agricultural waste. J. Thermodyn. 2013 (1), 1-6. 
Drizo, A., Comeau, Y., Forget, C., Chapuis, R.P., 2002. Phosphorus Saturation Potential:  
A Parameter for Estimating the Longevity of Constructed Wetland Systems. 
Environ. Sci. Technol. 36 (21), 4642-4648. 
Drizo, A., Cummings, J., Weber, D., Twohig, E., Druschel, G., Bourke, B., 2008. New 
Evidence for Rejuvenation of Phosphorus Retention Capacity in EAF Steel Slag. 
Environ. Sci. Technol. 42 (16), 6191-6197. 
Drizo, A., Frost, C.A., Grace, J., Smith, K.A., 1999. Physico-chemical screening of 
phosphate-removing substrates for use in constructed wetland systems. Water 
Res. 33 (17), 3595-3602. 
Eveborn, D., Gustafsson, J.P., Hesterberg, D., Hillier, S., 2009. XANES Speciation of P 
in Environmental Samples: An Assessment of Filter Media for on-Site 
Wastewater Treatment. Environ. Sci. Technol. 43 (17), 6515-6521. 
 56 
 
Gustafsson, J.P., Renman, A., Renman, G., Poll, K., 2008. Phosphate removal by 
mineral-based sorbents used in filters for small-scale wastewater treatment. Water 
Res. 42 (1–2), 189-197. 
Hussain, S., Aziz, H.A., Isa, M.H., Ahmad, A., Van Leeuwen, J., Zou, L., Beecham, S., 
Umar, M., 2011. Orthophosphate removal from domestic wastewater using 
limestone and granular activated carbon. Desalination. 271 (1), 265-272. 
Johansson Westholm, L., 2006. Substrates for phosphorus removal—Potential benefits 
for on-site wastewater treatment? Water Res. 40 (1), 23-36. 
Kaasik, A., Vohla, C., Mõtlep, R., Mander, Ü., Kirsimäe, K., 2008. Hydrated calcareous 
oil-shale ash as potential filter media for phosphorus removal in constructed 
wetlands. Water Res. 42 (4–5), 1315-1323. 
Karageorgiou, K., Paschalis, M., Anastassakis, G.N., 2007. Removal of phosphate 
species from solution by adsorption onto calcite used as natural adsorbent. J. 
Hazard. Mater. 139 (3), 447-452. 
Klimeski, A., Uusitalo, R., Turtola, E., 2014. Screening of Ca- and Fe-rich materials for 
their applicability as phosphate-retaining filters. Ecol. Eng. 68 (0), 143-154. 
Lee, M.S., Drizo, A., Rizzo, D.M., Druschel, G., Hayden, N., Twohig, E., 2010. 
Evaluating the efficiency and temporal variation of pilot-scale constructed 
wetlands and steel slag phosphorus removing filters for treating dairy wastewater. 
Water Res. 44 (14), 4077-4086. 
Li, R., Kelly, C., Keegan, R., Xiao, L., Morrison, L., Zhan, X., 2013. Phosphorus 
removal from wastewater using natural pyrrhotite. Colloids Surf. A: 
Physicochem. Eng. Aspect. 427 (0), 13-18. 
Liu, Y., Sheng, X., Dong, Y., Ma, Y., 2012b. Removal of high-concentration phosphate 
by calcite: Effect of sulfate and pH. Desalination. 289 (0), 66-71. 
Morgan, J.A., Martin, J.F., 2008. Performance of an ecological treatment system at three 
strengths of dairy wastewater loading. Ecol. Eng. 33 (3–4), 195-209. 
 57 
 
Park, W.H., Polprasert, C., 2008. Phosphorus adsorption characteristics of oyster shells 
and alum sludge and their application for nutrient control in constructed wetland 
system. J. Environ. Sci. Health Part A: Toxic/ Hazard. Subst. Environ. Eng. 43 
(5), 511-517. 
Renman, A., Renman, G., 2010. Long-term phosphate removal by the calcium-silicate 
material Polonite in wastewater filtration systems. Chemosphere. 79 (6), 659-664. 
Rhodes, C.J., 2013. Peak phosphorus — peak food? The need to close the phosphorus 
cycle. Sci. Prog. 96 (2), 109-152. 
Sengupta, S., Pandit, A., 2011. Selective removal of phosphorus from wastewater 
combined with its recovery as a solid-phase fertilizer. Water Res. 45 (11), 3318-
3330. 
Sharply, A.N., Daniel, T., Sims, T., Lemunyon, J., Stevens, R., Parry, R., 2003. 
Agricultural Phosphorus and Euthrophication, 2nd ed. U.S. Department of 
Agricultural: Agricultural Research Service. ARS-149. 
Song, Y.-H., Donnert, D., Berg, U., Weidler, P.G., Nueesch, R., 2007. Seed selections for 
crystallization of calcium phosphate for phosphorus recovery. J. Environ. Sci. 19 
(5), 591-595. 
Strang, T., Wareham, D., 2006. Phosphorus removal in a waste-stabilization pond 
containing limestone rock filters. J. Environ. Eng. Sci. 5 (6), 447-457. 
Todd, J., Josephson, B., 1996. The design of living technologies for waste treatment. 
Ecol. Eng. 6 (1–3), 109-136. 
United States Environmental Protection Agency, 2012. Preventing Eutrophication: 
Scientific Support for Dual Nutrient Criteria. Office of Water. EPA-820-S-12-
002. 
Vohla, C., Kõiv, M., Bavor, H.J., Chazarenc, F., Mander, Ü., 2011. Filter materials for 
phosphorus removal from wastewater in treatment wetlands—A review. Ecol. 
Eng. 37 (1), 70-89. 
 58 
 
Xiong, J.B., Mahmood, Q., 2010. Adsorptive removal of phosphate from aqueous media 
by peat. Desalination. 259 (1–3), 59-64. 
Yin, H., Kong, M., Fan, C., 2013. Batch investigations on P immobilization from 
wastewaters and sediment using natural calcium rich sepiolite as a reactive 
material. Water Res. 47 (13), 4247-4258. 
Zapater-Pereyra, M., Malloci, E., van Bruggen, J.J.A., Lens, P.N.L., 2014. Use of marine 
and engineered materials for the removal of phosphorus from secondary effluent. 





Conclusions and Future Implications 
 Eutrophication of water bodies caused by anthropogenic sources of P, such as 
discharges from wastewater treatment facilities and urban and agricultural runoff, is 
among the leading causes of water quality degradation within the United States. Despite 
the issues associated with elevated concentrations of P in aquatic systems, it is a critical 
element that is necessary to sustain all forms of life. During the last century the modern 
agricultural system has become reliant upon P based fertilizers, derived from the mining 
and processing of phosphate rocks, in order to attain high yields. However, minable P is a 
finite resource due to the slow nature of the global P cycle, and a point of global peak P is 
believed to have already been reached or soon to be reached by the middle of the twenty-
first century.  
 We investigated P removal and recovery from advanced, ecologically engineered 
wastewater treatment systems, with locally available materials, including minerals (4 
calcite varieties, wollastonite, dolomite, hydroxylapatite), eggshells, coral sands and 
organic based materials (biochar, activated carbon). This was accomplished through a 
series of batch experiments with synthetic wastewater solutions ranging from 10-100 mg 
PO4-P/ L. Performance was calculated as a percent P reduction and the mass of P 
adsorbed by the media The results of this study were used to establish calcite-based 
column filter experiments located in the Rubenstein School's AEES. Three identical 
vertical upflow column filters, without recycling, were installed. Each column possessed 
a volume of 36.9 L, and was fed with wastewater at a constant rate of 4.9 L per h, 
resulting in a hydraulic retention time (HRT) of 4 h. Influent and effluent wastewater 
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samples were collected, pH was recorded and performance was calculated as a percent P 
reduction and the mass of P adsorbed by the media. After the columns reached saturation, 
filter media was analyzed for the mineralogical content by X-ray powder diffraction 
(XRD).  
 Batch studies showed that performance was highly variable among the media and 
across treatments. The best performing minerals were two varieties of calcite (average P 
reductions of 59 and 88%, maximum P adsorptions of 1.3 and 2.3 mg P/ g), wollastonite 
(average P reduction of 65%, maximum P adsorption of 1.5 mg P/ g), and 
hydroxylapatite (average P reduction of 53%, maximum P adsorption of 1.19 mg P/ g). 
Eggshells and activated carbon were also successful (average P reductions of 66 and 
74%, maximum P adsorptions of 2.08 and 1.68 mg P/ g), along with the coral sands 
(average P reductions of 54 and 76%, maximum P adsorptions of 1.74 and 2.43 mg P/ g). 
The remaining materials were found to be the least successful in both measures of 
performance. One-way ANOVAs showed statistically significant differences in P 
reductions and adsorption across treatments (p-value < 0.0001 and p-value = 0.0057, 
respectively). 
 Results of the column filter experiment showed that the replicate columns 
behaved similarly as they achieved an average SRP reduction of 12.53% (se = 0.98) and 
an average SRP adsorption of 0.649 mg PO4-P/ kg media (se = 0.03) over a 4-h HRT. 
Saturation was reached after 31 days for two of the columns and 36 days for the third 
column. These results are promising as the HRT of the column filters is far shorter than 
many values reported in the literature, and pH levels within the wastewater influent were 
acidic. Paired T-tests revealed that SRP reductions were statistically significant (p-value 
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< 0.05) on the majority of sampling dates until the media reached saturation. Filter media 
buffered the pH of the wastewater influent to 6.0-7.0 with no indication of diminishing 
buffer capacity. XRD analysis was not able to detect any P species within the filter 
media, indicating that the main mechanism of SRP removal was not the crystallization of 
hydroxylapatite, but was the precipitation of SRP onto calcite's surface. There was 
mineralogical variability between calcite samples as some contained trace amounts of 
impurities. 
 The powdered mine tailing byproducts showed great potential to reduce SRP 
concentrations and it is recommended that these materials be investigated to understand 
the rate of SRP removal through kinetic experiments. If these media are capable of 
achieving high reductions in a short time period, they may be suitable for use within a 
clarifier setting in wastewater treatment.  
 The ready dissolution of SRP from calcite filter media after saturation indicates 
that this material may be suitable as a soil amendment that could be especially beneficial 
for acidic soils. Pot scale experiments and a field trial are recommended to investigate 
whether this spent material may be useful as a soil amendment. Attention should be 
directed at carefully identifying the saturation point and harvesting the media from 
column filters in order to minimize the amount of desorption that occurs while the filters 
are in use and maximize the available SRP for soil amendment purposes. 
 It is also recommended that this calcite media be studied within a constructed 
wetland setting. It may be more successful in this setting as constructed wetlands are 
often designed to have a much longer HRT than wastewater treatment system. The 
greater HRT may enable the crystallization of hydroxylapatite within the filter media. 
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Finally, in a constructed wetland this media could be used to intercept and remediate 
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Figure 1:The total amount of phosphate rock mined globally per year since 1900 (United 
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Table 1: Average percent SRP reductions, and standard error, by media over 24 h across 
initial SRP treatments (mg PO4-P/ L). 
Media Initial SRP Concentration (mg / L) 
Mean %  
Removal 
 10 25 50 75 100  
Cal-SH UR 41.38 71.06 80.93 47.55 51.66 58.5 
 (9.54) (2.52) (2.05) (10.97) (4.73)  
Cal-SH 5.66 25.90 -5.53 25.85 17.22 13.8 
 (2.02) (12.70) (7.59) (14.04) (21.57)  
Cal-SW -0.43 1.47 -0.16 1.09 -5.00 -0.6 
 (1.19) (2.92) (2.50) (1.37) (5.99)  
Cal-OM 67.32 88.70 93.56 93.63 94.28 87.5 
 (1.51) (0.51) (0.05) (0.04) (0.08)  
Woll 73.67 65.48 56.7 68.43 61.24 65.1 
 (0.88) (2.05) (2.79) (2.99) (1.94)  
Dolo -0.25 2.32 1.24 0.87 -1.56 0.5 
 (1.43) (1.44) (2.99) (2.17) (3.58)  
HAP 62.30 57.44 37.81 60.29 48.57 53.3 
 (1.51) (2.60) (4.39) (4.12) (3.97)  
Egg 12.76 66.60 84.68 83.99 82.81 66.2 
 (1.13) (1.16) (0.70) (0.28) (0.44)  
FOX -6.37 3.85 -4.44 14.31 20.50 5.6 
 (3.35) (2.69) (4.93) (0.59) (0.50)  
GAC 62.82 68.22 65.19 82.43 91.52 74.0 
 (0.17) (0.94) (2.04) (1.01) (0.57)  
FCS 42.36 30.40 62.83 69.70 64.84 54.0 
 (4.92) (2.98) (2.14) (0.84) (0.88)  
CCS 51.52 56.75 87.68 91.04 90.80 75.6 
 (2.88) (5.30) (1.11) (1.63) (0.56)  
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Table 2: Significantly different grouping of media based on Tukey's HSD test of average 






Cal-OM      A       87.5 
CCS      A      B 75.6 
GAC      A      B 74.0 
Egg      A      B 66.2 
Woll      A      B 65.1 
Cal-SH UR      A      B 58.5 
FCS               B 54.0 
HAP               B 53.3 
Cal-SH                       C 13.8 
FOX                       C 5.6 
Dolo                       C 0.5 




Figure 2: SRP adsorption by media (mg PO4-P/ g) at equilibrium concentration (mg PO4-P/ L) during 24 h batch study. 
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 values of each model (Langmuir, Freundlich, Linear, Exponential and Logarithmic) for fitting average SRP adsorption 
(mg PO4-P/ g media) among treatments for media. Bolded R
2
 values indicate model of best fit for each media. 
Media Langmuir Freundlich Linear Exponential Logarithmic 





Cal-SH UR 0 0.5492 0.5469 0.4229 0.6447 
Cal-SH 0 0.0271 0.5137 0.0128 0.5333 
Cal-SW 0 0.3157 0.4753 0.5556 0.2495 
Cal-OM 0.1508 0.4728 0.7856 0.4853 0.7701 
Woll 0.8775 0.952 0.8935 0.8762 0.8217 
Dolo 0 0.2693 0.2932 0.4978 0.0946 
HAP 0.6298 0.854 0.703 0.751 0.6975 
Egg 0 0.3892 0.7478 0.3661 0.7697 
FOX 0.2788 0.0181 0.7038 0.0812 0.4996 
GAC 0.9034 0.9703 0.9633 0.8742 0.8395 
FCS 0.5763 0.7947 0.8523 0.7781 0.7207 








Table 4: Significantly different grouping of media based on Tukey's HSD test of average 





(mg PO4-P/ g) 
Cal-OM A 1.21 
CCS A 1.17 
Egg A 1.04 
GAC A 0.92 
FCS A 0.85 
Woll A 0.83 
Cal-SH UR A 0.76 
HAP A 0.67 
Cal-SH A 0.20 
FOX A 0.16 
Dolo A 0.002 
Cal-SW A -0.02 
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Figure 3: Vertical upflow columns used for the study, situated within the AEES. Labeled 
parts are: a) wastewater holding tank b) peristaltic pumps c) influent sampling line d) 








Table 5: P-values associated with SRP influent, Ci, and effluent, Ce, (mg PO4-P/ L) 
concentration, along with standard error (S.E.), from all columns for each sampling date. 
Bolded P-values indicate statistically significant reductions until media saturation.  
Date 
Average Ci 




S.E. Ce P-Value 
16-Mar 10.57 0.2728 8.76 0.2578 0.0002 
18-Mar 12.07 0.2963 10.65 0.5393 0.0287 
20-Mar 11.93 0.7753 10.63 0.6173 0.0247 
23-Mar 12.93 0.2186 11.10 0.1000 0.0214 
25-Mar 12.90 0.2309 11.60 0.1528 0.0691 
27-Mar 13.17 0.2333 11.07 0.5044 0.0734 
30-Mar 13.40 0.0577 10.27 0.6888 0.0397 
1-Apr 13.47 0.1202 10.80 0.6460 0.0733 
3-Apr 13.20 0.3786 12.13 0.3383 0.0343 
6-Apr 14.17 0.2028 12.47 0.1453 0.0308 
8-Apr 14.57 0.0333 13.33 0.2963 0.0456 
13-Apr 14.07 0.1202 13.63 0.0882 0.0059 
15-Apr 13.93 0.1764 12.77 0.1764 0.0032 
17-Apr 12.57 1.2252 15.53 1.9548 0.421 
20-Apr 12.17 2.5126 11.23 0.7688 0.787 
22-Apr 7.44 0.3113 10.70 0.2082 0.0037 
24-Apr 10.77 0.6839 13.80 0.7810 0.0225 
27-Apr 9.20 0.9680 14.01 3.1355 0.3589 
29-Apr 13.77 3.2064 12.87 0.9615 0.8372 
1-May 13.60 1.1060 14.40 1.9502 0.7868 
4-May 14.40 0.9609 15.17 0.6936 0.67 
6-May 15.67 0.7881 16.70 0.2646 0.2806 
8-May 14.40 1.5144 17.63 0.4978 0.0912 
11-May 19.10 0.1732 17.60 0.3464 0.102 
13-May 24.23 0.1453 24.27 0.1202 0.8675 




Figure 4: Influent and effluent SRP concentrations (mg PO4-P/ L) within the three 
































































































































































Table 6: Mass (mg PO4-P/ kg media) of SRP adsorbed at equilibrium by column filters 
during 4-h HRT from secondary wastewater until saturation. 
Date Column 1 Column 2 Column 3 
16-Mar 0.6804 0.6916 0.6580 
18-Mar 0.5234 0.6916 0.3739 
20-Mar 0.6356 0.4486 0.3739 
23-Mar 0.8225 0.4860 0.7477 
25-Mar 0.2243 0.6729 0.5608 
27-Mar 0.5982 1.2337 0.5234 
30-Mar 0.8599 1.6450 1.0094 
1-Apr 0.8973 1.5366 0.5608 
3-Apr 0.5234 0.4112 0.2617 
6-Apr 0.8599 0.4860 0.5608 
8-Apr 0.5234 0.2617 0.5982 
13-Apr 0.1495 0.1495 0.1869 








Table 7: Average influent and effluent pH, and standard error, of wastewater in columns 
as well pH buffer provided by filter media during latter half of study. 
Date Influent pH S.E. Effluent pH S.E. pH Buffer S.E. 
22-Apr 5.57 0.02 6.22 0.02 0.65 0.04 
24-Apr 5.19 0.02 6.17 0.02 0.98 0.01 
27-Apr 5.43 0.06 6.25 0.00 0.82 0.06 
29-Apr 5.33 0.01 6.22 0.01 0.89 0.01 
1-May 5.92 0.00 6.28 0.01 0.36 0.01 
4-May 6.05 0.00 6.50 0.00 0.45 0.00 
6-May 6.36 0.03 6.48 0.04 0.12 0.04 
8-May 6.72 0.02 6.83 0.03 0.11 0.03 
11-May 6.50 0.00 6.63 0.04 0.12 0.03 
13-May 6.50 0.00 6.65 0.01 0.15 0.01 
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A. Batch Study Raw Data 
 The following tables (Tables 8-19) presents the raw data associated with each 
media tested in the batch study. This includes the influent and effluent wastewater SRP 
concentrations, the percent SRP reduction, the mass of SRP adsorbed by media as well as 
averages, standard deviations and standard errors. This information was used to calculate 
the average percent SRP removal and adsorption by media presented in Chapter One, as 
well as to carry out the statistical analysis. 
 
  
Table 8: Cal-SH UR raw data set. Influent, Ci, effluent, Ce, SRP concentrations (mg PO4-P/ L), percent SRP reductions, PR, SRP 
adsorption by media (mg PO4-P/ g) at equilibrium, Qe, standard deviations and standard errors.  
Average Ci Ce Average Ce PR SD PR SE PR Average PR Qe SD Qe SE Qe Average Qe 




   
1.1450 




   
0.9700 




   
1.4650 




   
1.6475 
   




   
0.1492 




   
0.9167 




   
0.9792 




   
1.4292 
   




   
0.9550 




   
1.0938 




   
1.0275 




   
1.0653 
   




   
0.3971 




   
0.4591 




   
0.3981 




   
0.4703 
   




   
0.1624 




   
0.0649 




   
0.0657 




   
0.1302 





Table 9: Cal-SH raw data set. Influent, Ci, effluent, Ce, SRP concentrations (mg PO4-P/ L), percent SRP reductions, PR, SRP 
adsorption by media (mg PO4-P/ g) at equilibrium, Qe, standard deviations and standard errors.  
Average Ci Ce Average Ce PR SD PR SE PR Average PR Qe SD Qe SE Qe Average Qe 




   
1.7608 




   
0.0408 




   
-0.9317 




   
1.5408 
   




   
0.0508 




   
1.0308 




   
-0.0442 




   
1.1408 
   




   
-0.1292 




   
0.1058 




   
0.0658 




   
-0.4692 
   




   
0.1550 




   
0.3500 




   
0.4060 




   
0.0300 
   




   
0.0033 




   
0.0243 




   
0.0316 




   
0.0083 





Table 10: Cal-SW raw data set. Influent, Ci, effluent, Ce, SRP concentrations (mg PO4-P/ L), percent SRP reductions, PR, SRP 
adsorption by media (mg PO4-P/ g) at equilibrium, Qe, standard deviations and standard errors.  
Average Ci Ce Average Ce PR SD PR SE PR Average PR Qe SD Qe SE Qe Average Qe 




   
0.0133 




   
0.0058 




   
0.0508 




   
-0.7067 
   




   
0.0683 




   
0.0908 




   
-0.0292 




   
-0.0117 
   




   
-0.1317 




   
0.0683 




   
0.0083 




   
0.0483 
   




   
-0.0125 




   
0.0575 




   
0.0425 




   
0.0075 
   




   
-0.0067 




   
-0.0067 




   
-0.0017 




   
-0.0017 





Table 11: Cal-OM raw data set. Influent, Ci, effluent, Ce, SRP concentrations (mg PO4-P/ L), percent SRP reductions, PR, SRP 
adsorption by media (mg PO4-P/ g) at equilibrium, Qe, standard deviations, SD, and standard errors, SE.  
Average Ci Ce Average Ce PR SD PR SE PR Average PR Qe SD Qe SE Qe Average Qe 




   
2.3046 




   
2.3078 




   
2.3053 




   
2.3046 
   




   
1.6986 




   
1.6978 




   
1.6961 




   
1.7001 
   




   
1.3061 




   
1.3058 




   
1.3061 




   
1.3078 
   




   
0.5708 




   
0.5815 




   
0.5770 




   
0.5633 
   




   
0.1843 




   
0.1823 




   
0.1773 




   
0.1673 





Table 12: Woll raw data set. Influent, Ci, effluent, Ce, SRP concentrations (mg PO4-P/ L), percent SRP reductions, PR, SRP 
adsorption by media (mg PO4-P/ g) at equilibrium, Qe, standard deviations, SD, and standard errors, SE.  
Average Ci Ce Average Ce PR SD PR SE PR Average PR Qe SD Qe SE Qe Average Qe 




   
1.6508 




   
1.3733 




   
1.4608 




   
1.4508 
   




   
1.2733 




   
1.2833 




   
1.2833 




   
1.3358 
   




   
0.6683 




   
0.7633 




   
0.7833 




   
0.8533 
   




   
0.4260 




   
0.4550 




   
0.3750 




   
0.4278 
   




   
0.1886 




   
0.1981 




   
0.2006 




   
0.2018 





Table 13: Dolo raw data set. Influent, Ci, effluent, Ce, SRP concentrations (mg PO4-P/ L), percent SRP reductions, PR, SRP 
adsorption by media (mg PO4-P/ g) at equilibrium, Qe, standard deviations, SD, and standard errors, SE.  
Average 
Ci 
Ce Average Ce PR SD PR SE PR Average PR Qe SD Qe SE Qe Average Qe 




   
0.0358 




   
-0.0442 




   
-0.3567 




   
0.0008 
   




   
-0.0617 




   
0.0108 




   
0.0958 




   
-0.0792 
   




   
0.0283 




   
0.0383 




   
0.0133 




   
0.1333 
   




   
0.0400 




   
-0.0025 




   
0.0050 




   
0.0350 
   




   
-0.0042 




   
-0.0092 




   
0.0058 




   
-0.0067 





Table 14: HAP raw data set. Influent, Ci, effluent, Ce, SRP concentrations (mg PO4-P/ L), percent SRP reductions, PR, SRP 
adsorption by media (mg PO4-P/ g) at equilibrium, Qe, standard deviations, SD, and standard errors, SE.  
Average Ci Ce Average Ce PR SD PR SE PR Average PR Qe SD Qe SE Qe Average Qe 




   
1.5408 




   
1.2083 




   
1.1633 




   
0.9983 
   




   
1.2683 




   
1.0533 




   
1.1008 




   
0.8358 
   




   
0.5683 




   
0.5483 




   
0.7108 




   
0.3358 
   




   
0.4098 




   
0.3850 




   
0.3950 




   
0.3150 
   




   
0.1753 




   
0.1526 




   
0.1733 




   
0.1651 





Table 15: Egg raw data set. Influent, Ci, effluent, Ce, SRP concentrations (mg PO4-P/ L), percent SRP reductions, PR, SRP adsorption 
by media (mg PO4-P/ g) at equilibrium, Qe, standard deviations, SD, and standard errors, SE.  
Average Ci Ce Average Ce PR SD PR SE PR Average PR Qe SD Qe SE Qe Average Qe 




   
2.0400 




   
2.1000 




   
2.1000 




   
2.0800 0.2134 0.0954 
 






   
1.6067 




   
1.5967 




   
1.5992 




   
1.6267 
   




   
1.0633 




   
1.0925 




   
1.1115 




   
1.1030 
   




   
0.3886 




   
0.4308 




   
0.3991 




   
0.4118 
   




   
0.0232 




   
0.0362 




   
0.0319 




   
0.0232 






Table 16: FOX raw data set. Influent, Ci, effluent, Ce, SRP concentrations (mg PO4-P/ L), percent SRP reductions, PR, SRP 
adsorption by media (mg PO4-P/ g) at equilibrium, Qe, standard deviations, SD, and standard errors, SE.  
Average 
Ci 
Ce Average Ce PR SD PR SE PR Average PR Qe SD Qe SE Qe Average Qe 




   
0.5358 




   
0.5758 
   




   
0.2750 




   
0.3150 
   




   
-0.0208 




   
0.0292 
   




   
0.0083 




   
0.0558 
   




   
-0.0305 




   
-0.0027 













Table 17: GAC raw data set. Influent, Ci, effluent, Ce, SRP concentrations (mg PO4-P/ L), percent SRP reductions, PR, SRP 
adsorption by media (mg PO4-P/ g) at equilibrium, Qe, standard deviations, SD, and standard errors, SE.  
Average 
Ci 
Ce Average Ce PR SD PR SE PR Average PR Qe SD Qe SE Qe Average Qe 




   
1.6558 




   
1.7083 
   




   
1.4675 




   
1.4100 
   




   
0.7417 




   
0.7817 
   




   
0.5051 




   
0.4881 
   




   
0.2218 




   
0.2207 














Table 18: CCS raw data set. Influent, Ci, effluent, Ce, SRP concentrations (mg PO4-P/ L), percent SRP reductions, PR, SRP 
adsorption by media (mg PO4-P/ g) at equilibrium, Qe, standard deviations, SD, and standard errors, SE.  
Average 
Ci 
Ce Average Ce PR SD PR SE PR Average PR Qe SD Qe SE Qe Average Qe 




   
1.7183 




   
1.7833 
   




   
1.4500 




   
1.4300 
   




   
0.7867 




   
0.7042 
   




   
0.1533 




   
0.1833 
   




   
0.1258 




   
0.0953 














Table 19: FCS raw data set. Influent, Ci, effluent, Ce, SRP concentrations (mg PO4-P/ L), percent SRP reductions, PR, SRP adsorption 
by media (mg PO4-P/ g) at equilibrium, Qe, standard deviations, SD, and standard errors, SE.  
Average 
Ci 
Ce Average Ce PR SD PR SE PR Average PR Qe SD Qe SE Qe Average Qe 




   
2.4578 




   
2.4321 
   




   
1.9098 




   
1.9578 
   




   
1.0604 




   
1.0279 
   




   
0.3308 




   
0.4048 
   




   
0.1215 




   
0.1380 





B. Column Study Raw Data 
  The following tables (Tables 20-22) presents the raw data associated with the 
column study. This information includes the influent and effluent wastewater SRP 
concentration, the percent SRP reduction, the mass of filter media, the hydraulic volume 
of the column, and the mass of SRP adsorbed by media for each filter. This information 
was used to calculate the average wastewater influent and effluent SRP concentration, the 
average mass of SRP adsorbed by filter media and to carry out the statistical analysis 
presented in Chapter Two. 
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Table 20: Column 1 raw data set. Date, influent, Ci, effluent, Ce, SRP concentrations (mg 
PO4-P/ L), percent SRP reductions, PR, mass of media (kg), hydraulic volume of filter 
(L), SRP adsorption by media (mg PO4-P/ kg) at equilibrium, Qe. 
Date Ci Ce PR Mass Volume Qe 
16-Mar 10.2 8.38 17.84 52.65 19.68 0.6804 
18-Mar 12.2 10.8 11.48 
  
0.5234 
20-Mar 12.9 11.2 13.18 
  
0.6356 
23-Mar 13.1 10.9 16.79 
  
0.8225 
25-Mar 12.5 11.9 4.80 
  
0.2243 
27-Mar 13.4 11.8 11.94 
  
0.5982 
30-Mar 13.4 11.1 17.16 
  
0.8599 
1-Apr 13.4 11 17.91 
  
0.8973 
3-Apr 13.1 11.7 10.69 
  
0.5234 
6-Apr 14.5 12.2 15.86 
  
0.8599 
8-Apr 14.6 13.2 9.59 
  
0.5234 
13-Apr 14 13.6 2.86 
  
0.1495 
15-Apr 13.6 12.5 8.09 
  
0.4112 
17-Apr 11.1 19.4 -74.77 
  
-3.1030 
20-Apr 11.8 10.1 14.41 
  
0.6356 
22-Apr 8.01 11.1 -38.58 
  
-1.1552 
24-Apr 11.4 15.2 -33.33 
  
-1.4207 
27-Apr 9.8 13.9 -41.84 
  
-1.5328 
29-Apr 14.7 14.2 3.40 
  
0.1869 
1-May 15.8 12.5 20.89 
  
1.2337 
4-May 13.2 15.1 -14.39 
  
-0.7103 
6-May 14.2 16.3 -14.79 
  
-0.7851 
8-May 14 17.8 -27.14 
  
-1.4207 
11-May 18.8 18.2 3.19 
  
0.2243 
13-May 24 24.1 -0.42 
  
-0.0374 













Table 21: Column 2 raw data set. Date, influent, Ci, effluent, Ce, SRP concentrations (mg 
PO4-P/ L), percent SRP reductions, PR, mass of media (kg), hydraulic volume of filter 
(L), SRP adsorption by media (mg PO4-P/ kg) at equilibrium, Qe. 
Date Ci Ce PR Mass Volume Qe 
16-Mar 11.10 9.25 16.67 52.65 19.68 0.6916 
18-Mar 11.50 9.65 16.09 
  
0.6916 
20-Mar 12.50 11.30 9.60 
  
0.4486 
23-Mar 12.50 11.20 10.40 
  
0.4860 
25-Mar 13.30 11.50 13.53 
  
0.6729 
27-Mar 13.40 10.10 24.63 
  
1.2337 
30-Mar 13.30 8.90 33.08 
  
1.6450 
1-Apr 13.70 9.59 30.00 
  
1.5366 
3-Apr 13.90 12.80 7.91 
  
0.4112 
6-Apr 13.80 12.50 9.42 
  
0.4860 
8-Apr 14.60 13.90 4.79 
  
0.2617 
13-Apr 13.90 13.50 2.88 
  
0.1495 
15-Apr 14.20 13.10 7.75 
  
0.4112 
17-Apr 11.60 14.10 -21.55 
  
-0.9347 
20-Apr 8.02 12.70 -58.35 
  
-1.7497 
22-Apr 6.94 10.60 -52.74 
  
-1.3683 
24-Apr 9.40 12.50 -32.98 
  
-1.1590 
27-Apr 10.50 8.64 17.71 
  
0.6954 
29-Apr 18.80 11.00 41.49 
  
2.9161 
1-May 12.30 12.40 -0.81 
  
-0.0374 
4-May 13.70 16.40 -19.71 
  
-1.0094 
6-May 15.90 17.20 -8.18 
  
-0.4860 
8-May 17.20 18.40 -6.98 
  
-0.4486 
11-May 19.40 17.00 12.37 
  
0.8973 
13-May 24.50 24.20 1.22 
  
0.1122 













Table 22: Column 3 raw data set. Date, influent, Ci, effluent, Ce, SRP concentrations (mg 
PO4-P/ L), percent SRP reductions, PR, mass of media (kg), hydraulic volume of filter 
(L), SRP adsorption by media (mg PO4-P/ kg) at equilibrium, Qe. 
Date Ci Ce PR Mass Volume Qe 
16-Mar 10.40 8.64 16.92 52.65 19.68 0.6580 
18-Mar 12.50 11.50 8.00 
  
0.3739 
20-Mar 10.40 9.40 9.62 
  
0.3739 
23-Mar 13.20 11.20 15.15 
  
0.7477 
25-Mar 12.90 11.40 11.63 
  
0.5608 
27-Mar 12.70 11.30 11.02 
  
0.5234 
30-Mar 13.50 10.80 20.00 
  
1.0094 
1-Apr 13.30 11.80 11.28 
  
0.5608 
3-Apr 12.60 11.90 5.56 
  
0.2617 
6-Apr 14.20 12.70 10.56 
  
0.5608 
8-Apr 14.50 12.90 11.03 
  
0.5982 
13-Apr 14.30 13.80 3.50 
  
0.1869 
15-Apr 14.00 12.70 9.29 
  
0.4860 
17-Apr 15.00 13.10 12.67 
  
0.7103 
20-Apr 16.70 10.90 34.73 
  
2.1684 
22-Apr 7.36 10.40 -41.30 
  
-1.1365 
24-Apr 11.50 13.70 -19.13 
  
-0.8225 
27-Apr 7.31 19.50 -166.76 
  
-4.5574 
29-Apr 7.81 13.40 -71.57 
  
-2.0899 
1-May 12.70 18.30 -44.09 
  
-2.0936 
4-May 16.30 14.00 14.11 
  
0.8599 
6-May 16.90 16.60 1.78 
  
0.1122 
8-May 12.00 16.70 -39.17 
  
-1.7571 
11-May 19.10 17.60 7.85 
  
0.5608 
13-May 24.20 24.50 -1.24 
  
-0.1122 




C. Wastewater pH Raw Data 
 The following tables (Tables 23-24) presents the raw data of the pH 
measurements collected from the column study. Data in Table 23 includes the pH of the 
wastewater influent, effluent and the calculated buffer provided by the filter media at 
each sampling event for all the replicate columns. Table 24 holds the data associated with 
the calibration of the pH meter at each sampling event. This information was used to 
calculate the average pH of the wastewater influent and effluent as well as the average 
pH buffer presented in Chapter Two. 
 
  




















22-Apr 5.59 5.54 5.58 6.19 6.26 6.21 0.6 0.72 0.63 
24-Apr 5.16 5.21 5.21 6.14 6.2 6.17 0.98 0.99 0.96 
27-Apr 5.54 5.39 5.35 6.24 6.25 6.25 0.7 0.86 0.9 
29-Apr 5.35 5.31 5.33 6.25 6.21 6.21 0.9 0.9 0.88 
1-May 5.92 5.92 5.91 6.3 6.27 6.27 0.38 0.35 0.36 
4-May 6.05 6.05 6.04 6.5 6.5 6.49 0.45 0.45 0.45 
6-May 6.41 6.35 6.32 6.55 6.4 6.49 0.14 0.05 0.17 
8-May 6.75 6.71 6.7 6.89 6.77 6.83 0.14 0.06 0.13 
11-May 6.51 6.5 6.5 6.7 6.58 6.6 0.19 0.08 0.1 
13-May 6.51 6.5 6.5 6.68 6.63 6.65 0.17 0.13 0.15 

















Table 24: pH Calibration Notes 
22-Apr average slope=98.6; pH 4 (mV=165.8, °C=24.1) pH 7 (mV=-13.1, °C=22.7) pH 10 (mV=-182.8, °C=23.6) 
24-Apr average slope=99.0; pH 4 (mV=169.1, °C=27.0) pH 7 (mV=-13.0, °C=25.3) pH 10 (mV=-184.3, °C=23.9) 
27-Apr average slope=99.0; pH 4 (mV=165.4, °C=18.4) pH 7 (mV=-7.2, °C=16.9; pH 10 (mV=-178.0, °C=17.9) 
29-Apr average slope=98.1; pH 4 (mV=165.7, °C=25.8) pH 7 (mV=-6.6, °C=16.2; pH 10 (mV=-179.7, °C=24.9) 
1-May average slope=98.5; pH 4 (mV=166.5, °C=27.8) pH 7 (mV=-15.3, °C=27.3; pH 10 (mV=-184.7, °C=24.8) 
4-May average slope=99.0; pH 4 (mV=165, °C=29.5) pH 7 (mV=-10.2, °C=29.9; pH 10 (mV=-185.2, °C=25.4) 
6-May average slope=98.5; pH 4 (mV=166.1, °C=24.3) pH 7 (mV=-12.2, °C=27.8; pH 10 (mV=-183.0, °C=28.3) 
8-May average slope=97.7; pH 4 (mV=162.1, °C=22.2) pH 7 (mV=-11.4, °C=26.6; pH 10 (mV=-183.4, °C=25.5) 
11-May average slope=97.1; pH 4 (mV=164.6, °C=26.2) pH 7 (mV=-12.3, °C=29.6; pH 10 (mV=-183.4, °C=29.7) 
13-May average slope=98.7; pH 4 (mV=160.8, °C=20.3) pH 7 (mV=-12.8°C=20.3; pH 10 (mV=-181.0, °C=20.0) 







D. Kinetic Studies 
 The following tables (Tables 25-26) and Figure 5 provide raw data for the kinetic 
study. This study was carried out on the mining byproduct materials, Cal-OM and Woll. 
This was done to investigate the rate of SRP removal from wastewater. Results of the 
batch study (see Chapter One) revealed that these materials were very successful in 
reducing SRP concentrations in 24 h; however, due to the fine particle size of these 
materials they were unable to be utilized within a column study as they would likely 
cause mechanical clogging within a filter. Therefore, it was hypothesized that if these 
materials experienced great reductions in a short amount of time they may be useful in a 
clarifier setting of conventional wastewater treatment to quickly reduce SRP 
concentrations. The kinetic study followed the same methods as the batch studies (see 
Chapter One), with the exception of utilizing three sample replicates, collected after 0.5, 
1, 2, 3 and 24 h, and an initial SRP concentration of 15 mg PO4-P/ L.  
 Cal-OM was found to reduce SRP concentrations by approximately 25% in the 
first 0.5 h, and then have the rate of uptake slow as SRP concentrations were reduced by 
approximately 34% after 3 h. SRP removal was slower for Woll, with the media 
achieving a reduction of approximately 13% in the first 0.5 h and 34% after 3 h. SRP 
reductions were similar between the two medias after 24 h, 75% and 72%, for Cal-OM 
and Woll respectively. The rate of uptake within the first 3 h is likely not great enough to 
warrant use within use within a clarifier setting of wastewater treatment.  
 
  
Table 25: Cal-OM raw data set of kinetic study. Time stage (h), Influent, Ci, effluent, Ce, SRP concentrations (mg PO4-P/ L), percent 
SRP reductions, PR, and standard errors. 
Time  Ci SE Ci Average Ci Ce SE Ce Average Ce PR SE PR Average PR 
























































































Table 26: Woll raw data set of kinetic study. Time stage (h), Influent, Ci, effluent, Ce, SRP concentrations (mg PO4-P/ L), percent 
SRP reductions, PR, and standard errors. 
Time Ci SE Ci Average Ci Ce SE Ce Average Ce PR SE PR Average PR 
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